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ABSTRACT
The main objective of this work is to design a Multi-Barrier container for 
storing spent fuel. Design analysis included dimensioning the canister 
and the concrete pedestal utilizing available materials data, stress 
calculations and corrosion data. The various corrosion modes were 
identified, and a sacrificial anode was designed to cathodically protect 
the waste package for a period of 10,000 years. The sacrificial anode is 
to be made of magnesium. Langelier and Larson's Indices were calculated 
and speciation calculations of J-13 water was carried out with the help of 
a program (WQ4F). This program determines the solids that might 
precipitate and form scales. When the design was completed, aspects of 
fabrications were examined to see if this design was practical enough and 
whether fabrication was feasible.
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Chapter 1
INTRODUCTION
1.1 Overview
Nuclear waste is generated when nuclear reactors are operated. At present 
the nuclear waste is being stored temporarily at nuclear reactor sites 
like the plant at West Valley, New York. If the waste can no longer be 
reprocessed for technical and/or economical reasons, then the need arises 
for permanent disposal. A proposed potential repository site for 
geological disposal is located at Yucca Mountain at the Nevada Test Site 
(NTS). The Nuclear Regulatory Commission requires that the waste package 
should have adequate containment for a period of 300-1000 years 
(Van Konynenburg et al 1993) . The proposed repository has to be evaluated 
in all aspects of engineering, geology, environment and safety so that the 
waste will safely decay for 10,000 years without releases that would 
endanger human or environmental health. The proposed repository is 
located 100 miles north-west of Las Vegas, Nevada. The waste will be 
stored in canisters which will be either vertically emplaced or 
horizontally (drift) emplaced in the repository.
1.2 Tuff Environment
The proposed tuff repository is located in the lower, more densely welded 
and devitrified portion of the Topopah Spring Member of the Paintbrush 
Tuff under Yucca Mountain in the NTS (Beavers and Durr, 1991) . The 
repository is located in an extremely dry region with 15 cm/year annual 
precipitation. The ambient temperature of the repository horizon is 
expected to be 29°C (McCright et al 1984) . Tuff consists of volcanic rock 
fragments (shards) and ash. The rock shards weld together and the
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resulting material may be glassy or may devitrify. The structure which 
develops comprises a densely welded core surrounded by zones of material 
lower in density and strength. The glassy material is transformed to 
feldspar plus quartz or cristobalite due to crystallization. The average 
composition of the major constituents in the Topopah Springs Tuff is shown 
in Table 1.1. The advantage of the waste package being located in a 
repository in the welded zone is the higher thermal conductivity and 
higher compressive strength of the tuff in this region than if it were 
placed in the water table (McCright et al 1984).
The repository is located 700 to 1400 feet above the static water
table. The reference water used in repository studies was taken from Well 
J-13. The well is located near the repository and is thought to be a good 
approximation of the actual water that might be present in the repository. 
The location of the repository above the static water table gives an 
indication that the environment will be aerated. The J-13 well water 
contains 5.7 ppm dissolved oxygen (Beavers and Durr, 1991).
Three types of waste may be placed in the repository; spent fuel, 
commercial high level waste, and processed defense high level waste (dhlw) 
in the form of borosilicate glass. The spent fuel waste form comprises 
Zircaloy®-clad fuel pins from pressurized water reactors (PWR) or boiling 
water reactors (BWR). The fuel pins vary dimensionally for each type of 
reactor. They contain U02 pellets, fission products and actinides enclosed 
in a Zircaloy® cladding. The maximum temperature that the cladding can 
withstand is 350°C. Zircaloy forms a tightly adherent film that is quasi- 
basic initially and subsequently transforms to linear behavior (ASM Metals 
Handbook 1987). Fig. 1.1 shows the test results for Zircaloy-2 in water 
and steam. It can be seen that at 360°C the oxide film demonstrates
linear growth behavior and breaks down with time.
The thermal output of the spent fuel depends on the length of time 
since the fuel was taken out of the reactor and the degree of burn-up when 
in the reactor (McCright et al 1984). The first ten years after the fuel 
is removed from the reactor the heat output decreases sharply because it
Table 1.1
Average Percentages Of Major Constituents In Topopah Springs Tuff 
Drill Core USW GU-3 (Schuraytz 1985 as cited by Beavers and Durr, 1991)
Constituent Average Percentage
Si02 78 .73
A1203 12 .17
Fe203 0 . 996
CaO 0.474
MgO 0.123
Ti02 0.101
Na20 4.08
K20 3 .28
p2o2 0.02
MnO 0.052
4
100
Stean: 400 "C
20cu
c
'csO)
360 *C
0.5
0.2
10001 10010
Exp o s u r e  tine, days
Fig. 1.1 Corrosion of Zircaloy-2 (ASM Metals Handbook 1987)
involves the decay of short-lived isotopes. During the next ten years the 
decay of longer-lived isotopes like Cs-137 and Sr-90 governs heat 
production and the decay is slower. The thermal output of rod assemblies 
will vary between 1.3 and 3.3 Kw and the borosilicate glass (dhlw) will 
have an output of 0.25 to 0.47 Kw per container. The initial radiation 
levels according to Yunker (1986b as cited by Beavers and Thompson 1990) 
lie in the range from 5 x 103 rads/hr for dhlw to 2 x 10" rads/hr for 
commercial spent fuel.
1.3 The Effect of Tuff Environment 
on the Waste Package
The temperature of the rock and the pore water may increase after waste 
package emplacement. High temperatures are expected to drive pore water 
away from the waste package. Its surface may be exposed to steam and air 
at very high temperatures. High surface temperatures occur because decay 
of radionuclides results in transfer of kinetic energy to the decay 
products and collision of the decay products with the surrounding material 
converts the kinetic energy into an increase in temperature. When the 
temperature surrounding the waste package decreases to 95°C after several 
hundred to several thousand years, water is expected to slowly migrate 
back into the rock pores. The minerals present in the rock are little 
affected by this thermal history. According to McCright et al (1984) , 
quartz and alkali feldspar remain stable while cristobalite undergoes a 
phase inversion at about 250°C accompanied by a volume increase. The 
water may dissolve silica in increasing amounts while flowing downwards 
through increasing repository temperature gradient regions. Silica may 
then precipitate after the water has passed through the highest 
temperature zone (McCright et al 1984).
The repository environment significantly influences the design of 
the waste package. The waste package has to withstand a high temperature, 
high radiation environment, involving oxidation and vapor phase corrosion 
initially after emplacement. When the repository cools down the waste 
package may have to resist an anaerobic environment with the presence of
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microbes. The design also has to account for differential aeration 
corrosion because of the potential difference in oxygen levels on varying 
lengths of the container.
Maximum radiation from the packages occurs immediately after 
emplacement (McCright et al 1984) . Radiation of alpha and beta particles 
will be contained within the package. Radiation outside the waste 
packages will comprise of neutrons and gamma rays. Fuel pin cladding may 
develop defects when irradiated. Glass (1985 and 1986, as cited by 
Beavers and Durr, 1991) performed electrochemical studies in irradiated 
J-13 well water. The results of the study indicated that the predominant 
oxidizing species will be 02 and H202 with small concentrations of 02' and 
even smaller concentrations of H02. Formic and oxalic acids were formed 
when water containing C02 or HC03‘ with 02 was irradiated.
Common microbes do not survive at temperatures above 100°C. 
Microbiological Induced Corrosion (MIC) is unlikely to take place until 
after when the repository cools down to below 100°C. Microbes, when 
present in the environment, could promote corrosion failure of the waste 
containers. According to Pope (1983 as cited by Beavers and Thompson 
1990) the organisms form biofilms and consume oxygen, thereby creating 
oxygen concentration cells on the canister surface. They also produce 
organic acids under biofilms on the metal surface. Certain species 
oxidize ferrous and manganous ions which increases the Eh of the solution. 
Chloride and sulphate ions would accumulate to maintain charge neutrality, 
and these ions tend to increase corrosion rates by breaking down
passivating films. Sulfur reducing bacteria (SRBs), a class of microbes 
normally active under anaerobic conditions, can coexist with oxygen
scavengers that create the necessary conditions for the formation of
biofilms. SRBs reduce sulphate to H2S or FeS, and these products are
highly corrosive to stainless steels, nickel base alloys and copper base 
alloys.
1.4 Effect of Varying Repository Environment 
On Canister Design
The repository environment will not be constant throughout the 10,000 year 
life time of the canister. Conditions will be hot and oxidizing during 
the early life of the canister after emplacement. Gamma radiation may be 
initially intense during this period. After a few hundred years of 
emplacement, the repository will cool down and radiation levels will be 
lower. During the early stages after emplacement the canister has to 
withstand vapor-phase corrosion and uniform oxidation. The canister may 
have to withstand aqueous corrosion in case the repository floods. In the 
case of flooding, a water-filled repository will exhibit a much different 
corrosive environment from that of a hot air-steam condition. The 
canister must be able to resist localized aqueous corrosion like pitting 
and crevice corrosion. Under potentially anaerobic conditions, microbes 
may be present in the repository, hence the canister must be able to 
withstand microbial corrosion.
Under such varying conditions of the environment of the repository, 
a single barrier canister may not be able to perform satisfactorily in all 
of the above mentioned conditions. A canister has to withstand corrosion 
under oxidizing and reducing conditions, have a low heat output, withstand 
all possible forms of corrosion and be able to contain the radionuclides. 
The advantages in using a multi-barrier design are that there can be 
specific barriers which meet each type of corrosive environment.
A concept for a multi-barrier canister design was first proposed by 
Skaggs et al (1991) (Fig. 3.1). The three barriers in the multi-barrier 
design may perform better under such varying repository conditions than a 
single barrier design. In this design the purpose of the filler is in 
limiting the emission of radionuclides from the container and in providing 
a basic (pH 7) passivating environment. The inner copper shell has high 
thermal conductivity so that heat from the repository will be conducted 
from the canister. The inner copper shell is also resistant to a wet 
reducing environment. In the case of corrosion, the outer Incoloy shell
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and the filler act as barriers and may retard corrosion. The outer 
Incoloy shell is resistant to a dry oxidizing environment. Even if the 
outer Incoloy shell fails, the filler material has to be penetrated if 
corrosion of the inner copper shell has to take place.
The purpose of this work is to develop a initial multi-barrier 
design, based on concepts presented by Skaggs et al 1991 to be vertically 
emplaced for safe storage of high level nuclear waste for geological 
disposal in a tuff repository for 10,000 years. The waste package 
consists of a canister which can be either a single metal barrier or a 
multi-barrier design. Aspects considered while designing the canister are 
design analysis, materials selection, corrosion modes, fabrication of the 
canister, cathodic protection of the canister, and likely external 
canister environment. The main and most important function of the waste 
package is to contain the waste for at least 3 00 years as required by 10 
CFR 60 (Murray 1991).
Chapter 2
LITERATURE REVIEW
2.1 Material Consideration
The Department of Energy (DOE) is evaluating Yucca Mountain, located in 
Nye county 100 miles northwest of Las Vegas, Nevada for its suitability as 
a high level nuclear waste repository. Lawrence Livermore National 
Laboratory participated in evaluation of performance of waste package 
designs for the potential repository (Van Konynenburg et al 1993). LLNL 
conducted a study to select a suitable material for the waste package 
design as a part of its design evaluation.
2.1.1 Background of Conceptual Design
and Material Choices
In 1981, horizons in both the saturated zone and the unsaturated zone were 
considered for location of the potential repository site (Van Konynenburg 
et al 1993). The repository location influenced the choice of the waste 
package and the materials to be considered. Until 1982 the proposed 
repository horizon was to be located deep in the saturated zone. This 
required container designs that incorporated thick walls in order to 
withstand high hydrostatic pressure without buckling. The containers 
would also be subjected to constant aqueous corrosion conditions.
In 1982 a decision was made to propose the location of the potential 
repository in the unsaturated zone i.e. 300-400 meters below the surface 
and 200 meters above the water table. As a result, the focus shifted to 
thin-walled containers. This design put emphasis on the resistance of the 
container material to all possible forms of environmental degradation,
9
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including oxidation in air and aqueous corrosion in the condensed phase. 
The initial emplacement conditions were expected to be dry and oxidative. 
Aqueous corrosion could occur during transient periods when water entered 
the repository environment.
2.1.2 Performance Requirements, Conceptual Design 
and Service Conditions
According to the Site Characterization Plan (SCP), (Van Konynenburg et al 
1993) the waste package is to be placed in a vertical or horizontal 
borehole with an air gap surrounding it in a mined repository 200 meters 
above the water table in a stratum of welded, devitrified, tuff rock. 
Under the present climatic regime, this location results in a relatively 
dry condition at the repository horizon. The stresses in service would be 
limited to residual stresses, resulting from closure welding for a welded 
container and static loads from the weight of the container and the waste. 
Transient and impact loads would be expected during transportation, 
handling and retrieval. The container must be able to survive a small 
drop or impact without loss of integrity. After emplacement, the 
containers would be subject to a temperature-time history.
In the SCP design, the peak temperature of the container would be 
about 250°C over a duration of a few years to few decades, followed by a 
slow decrease in temperature as the waste decays. When the containers are 
at temperatures above the local boiling point, the environment during this 
period would consist of a warm air-steam mixture which would result in 
low-temperature oxidation of the container material. When the temperature 
drops below the boiling point of water, the containers would remain free 
of bulk liquid water. There are two reasons for this. The first reason 
is that the dried-out region of rock in combination with the very low 
infiltration rate of water at Yucca Mountain is expected to retard return 
of liquid water to the rock surrounding the waste packages. The second 
reason is that if the surrounding rock became rewetted, then the capillary 
properties of the rock along with the low rate of infiltration and the air 
gap surrounding the waste package would hinder access of liquid water to
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the container. Flooding could occur if during the storage period, the 
static water level rose due to seismic activity or due to a climate shift 
that increased local precipitation. The resulting degradation modes may 
be either a dry oxidation type or an aqueous corrosion type, depending on 
the thickness of the water layer.
Gamma radiation will be emitted by the waste as a result of 
radioactive decay of strontium-90 and cesium-137. Radiolytic effects in 
the repository atmosphere will decline as the packages age because the 
gamma emitting radionuclides have half-lives of 30 years.
2.1.3 Preliminary Selection Criteria
Preliminary selection criteria were developed by Halsey (1991) (as cited 
by Van Konynenburg et al 1993) to narrow the list of candidate container 
materials (Table 2.1) . The criteria fell into two main categories: a) 
those related to the performance of the container material in the 
repository and b) non-performance related topics dealing with cost, 
engineering experience and practical considerations of fabricating 
containers from the material. Each of the performance criteria was 
considered for a variety of combinations of material conditions and 
environments. The conditions and environments considered are the 
following: (1) base material/closure (weld) material (2) as-fabricated
condition/aged condition (3) nominal or expected environment/potential or 
bounding environment.
2.1.4 Materials Considered
Forty-one candidate shell materials were considered. The six leading 
candidate materials were grouped into two families: (1) iron-based and
nickel-based alloys having an austenitic face centered cubic structure; 
and (2) copper and copper-based alloys. Other engineering materials were 
also evaluated against the selection criteria. These materials included 
other stainless steels (both austenitic and ferritic), several nickel- 
based alloys, other copper-based alloys, titanium and Ti-based alloys, 
zirconium, alloy steels, carbon steels and cast irons.
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2.1.5 Material Evaluations
Pass-Fail tests were applied to all the candidate materials by Van 
Konynenburg et al (1993). The results (Table 2.2) showed that Alloy 825, 
CDA 613, CDA 715, Alloy C-4 and titanium grade 12 all readily passed the 
preliminary selection criteria. American Iron and Steel Institute (AISI) 
304L and 316L stainless steels barely passed some of the localized and 
stress corrosion resistance criteria. The criteria were resistance to 
pitting, crevice and localized attack, and resistance to environmentally 
accelerated cracking (stress corrosion cracking (SCC)) and hydrogen 
embrittlement. The criteria were applied to a single-metal, thin walled 
container design. 304L SS and 316L SS did not pass the test for localized 
attack. The passing score for penetration rate was 1.0 ^m/year and 3 04L 
SS and 316L SS had scores of 100.0 and 10.0 /un/year respectively. The 
threshold potential for transgranular SCC is 100 mV. 304L SS and 316L SS 
displayed potentials of 100 mV. The passing score for smooth specimen 
stress corrosion cracking is 0.7. Both the stainless steel alloys 
exhibited values of 0.7. High purity copper (CDA 102) failed the tests 
for mechanical strength, weldability of the final closure and external 
handling during emplacement. Van Konynenburg et al (1993) recommended the 
following materials for further evaluation in the advanced conceptual 
design phase; Titanium Grade 12, Alloy C-4 and Alloy 825.
2.2 Multi-Barrier Containers
2.2.1 Design I
A robust, composite waste container comprising a copper mantle surrounding 
an inner shell of aluminum bronze was one of the multi-barrier container 
designs proposed by the Copper Development Association (Peters et al 
1992) . This design makes the best use of each metal's corrosion and 
creep-resistance properties. The thermodynamic and kinetic stabilities of 
the metals are emphasized in this design. The Yucca Mountain repository 
environment is expected to be relatively benign toward copper according to 
Peters et al (1992). Radiolysis can produce ions which can cause
13
Table 2.1 (Halsey 1991 as cited by Van Konynenburg 1993) 
Topical Areas of Preliminary Selection Criteria
Weighting
factor
Part A Material Performance
14 A) Mechanical performance
30 B) Chemical performance
16 C) Predictability of performance
10 D) Compatibility with other materials
Part B Fabricability, Cost, and Other Considerations
20 E) Fabricability
5 F) Cost
5 G) Previous experience with the material
Table 2.2 (Van Konynenburg 1993) 
Quantitative Scores of Materials
Material Score
Ti-Grade 12 691
Alloy C-4 685
Alloy 825 651
316L 600
304L 588
CDA 715 501
CDA 613 484
CDA 102 0
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corrosion and/or stress corrosion. According to Yunker (1990), as cited 
by Peters et al (1992), corrosion rates of pure copper exposed to gamma 
fluxes of 4 xlO3 Gy/hr (Gy/hr = grays/hr, 1 gray = 100 rads) in J-13 water 
vapor at 95°C started at 0.26 mpy (mils per year) and decreased overtime 
to 0.1 mpy in moist J-13 water vapor. Stress corrosion cracking has not 
been observed in copper exposed to gamma radiation in simulated repository 
environments in the presence of radiolytically-induced trace quantities of 
NH4* and NOy ions. Peters et al (1992) suggests that radiolytically 
induced corrosion would not impose a significant threat to the integrity 
of the waste containers when gamma-driven processes cease after a few 
hundred years and claimed that this approximates the time needed for the 
spent fuel's radiation to decay to the level of natural uranium ore.
Copper does not perform well in elevated temperature service 
conditions because of loss of mechanical properties. According to Peters 
et al (1992) the tensile strength of phosphorus deoxidized copper 
decreases by 25% between room temperature and 240°C. Stress required for 
creep deformation falls from 70 MPa at 100°C to 55 MPa at 210°C. The 
stress for rupture in 10s hours decreases from 155 MPa at 90°C to 100 MPa 
at 160°C. Reinforcement may be required to avoid distortion following 
emplacement. Aluminum bronzes and copper-nickels have higher elevated- 
temperature strength properties than pure copper together with high 
corrosion resistance and hence were used as reinforcing inner layers in 
double-walled designs that used copper as the outer layer.
2.2.1.1 Copper-Base Multi-Barrier Containers
A double-walled container consisting of an outer portion of pure copper 
and an inner structure of a creep and corrosion-resistant copper alloy is 
the basis for the CDA design (Fig. 2.1) . This design makes the best use 
of the individual benefits of copper and copper alloys. One of the 
material combinations considered by Peters et al (1992) for the inner 
package is wrought aluminum bronze CDA 613 surrounded by a thicker-walled 
wrought or cast pure copper shell. Aluminum bronze was chosen because of
15
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Fig. 2.1 Copper-Base Multi-Barrier Design (Peters et al 1992) 
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its high elevated temperature properties and high corrosion resistance.
The principal function of the thick outer copper shell is to provide 
adequate corrosion protection. The inner container wall provides the 
elevated-temperature strength to resist creep deformation under 
hydrostatic or lithostatic loads. Protection of the waste from mechanical 
damage is ensured because of the better mechanical properties of the inner 
shell. The inner container acts as a secondary corrosion barrier in case 
of damage to the outer mantle. Suitable fillers like lead shot, lead 
glass frit would be used to close void spaces between fuel pins. The 
filler adds rigidity and may provide shielding to the design.
2.2.1.2 Fabrication
Peters et al (1992) recommended fabricating both the inner and outer 
shells from rolled and welded plate. Another option is to centrifugally 
cast the thin-walled inner liner followed by machining. The inner shell 
can also be manufactured by back extrusion and roll-extrusion. The thick- 
walled copper outer shell can also be rolled and welded from plate, 
followed by hydrostatic sizing. End caps could be made from plate, 
forgings or castings. Mechanical closures in the form of bolted or 
screwed-on lids with the possible incorporation of a metal "0" ring 
simplifies emplacement and retrieval of the spent fuel from the canister 
(Peters et al 1992).
Peters et al (1992) recommended the following welding procedures. 
Electron beam (EB) welding produces the lowest heat input of the available 
fusion welding methods, but must be performed under vacuum. Gas-tungsten- 
arc (GTA) welding gives higher heat inputs but may require insulation to 
shield the waste from radiated heat. Friction welding, a non-fusion 
process, does not require filler metal and leaves no heat affected zone. 
The outer shell can be sealed with full-penetration EB or GTA welds.
2.2.2 Design II
Another design is the Multi-Purpose Unit (MPU) (Hollaway et al 1993) 
concept which integrates storage, transportation and the engineered
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barrier system (Fig. 2.2). The MPU is a fully self-shielded, sealed, 
metallic container for maintaining multiple spent fuel assemblies in a 
dry, inert environment. It is a single unit composed of a thick-walled
multi-purpose canister as an inner container and a thick-walled
multipurpose overpack that provides shielding throughout all of the system 
functions. The internal canister is a cylindrical vessel made of Alloy 
825 3.0 in thick. The basket of the canister uses a heavy loading of 
neutron poisons(boron-10) to meet repository and transportation
criticality requirements. The inner container is sealed with a full 
penetration weld to be performed at the reactor sites at the time of 
initial loading. The multi-purpose overpack is a cylindrical vessel made 
of ductile cast iron to meet repository corrosion-allowance requirements. 
It is 10.0 in thick to provide shielding. The lid of the multi-purpose 
overpack is designed for two welding operations. The first one is a 
sacrificial weld that would be seal welded at the reactor sites and later 
removed at the repository. The second is a deep, full-penetration weld to 
be performed at the repository to meet final repository containment
requirements. The spent fuel assembly capacity of the MPU (large) is 
expected to be 16 pwr assemblies or 37 bwr fuel assemblies. The MPU has 
two sets of trunnions located near the top and the bottom to facilitate 
handling. The cost of the MPU was estimated based on a detailed analysis 
of the design concept, taking into consideration the costs for materials, 
fabrication and labor. The large MPU was estimated to cost between 
$714,000 and $733,000.
2.2.3 German Cask-Concept
According to Janberg et al (1992) the design requirements met by the 
Pollux design are safe containment of the radioactive material during 
conditioning, handling, transportation and interim storage. The design 
also guarantees safe containment during the operating phase and after 
closure of the final repository. Shielding during above-ground handling 
and storage and during handling in the repository are also guaranteed. A 
standard pwr fuel element was taken as the basis of the design. Ten pwr
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fuel assemblies having a fuel equivalent of approximately 5 t heavy metal 
was taken as the maximum loading quantity for the final storage cask.
2.2.3.1 Pollux Final Storage Cask 
The final storage cask is shown in Fig. 2.3. Janberg et al (1992) 
designed the Pollux storage cask as follows. It consists of a shielding 
cask with a lid screwed to it. The inner final storage cask has a bolted 
primary lid and welded secondary lid. The wall thickness of the inner 
storage cask is 160 mm and is designed to meet the mechanical and 
shielding requirements. The primary lid of the inner cask is of the same 
material as the base material. A plate made of neutron moderating and 
absorbing material is installed beneath the lid. The secondary lid is 
also of the same material as the base body. The inner storage cask is 
drawn of seamless fine-grained construction steel. The bottom of the cask 
is forged and welded to the base body. The surfaces of the primary lid 
are precisely machined to accommodate a metallic 0-ring and an elastomer 
seal. The secondary lid is welded with the base body in the conditioning 
plant.
The shielding cask is made of ductile cast iron. It has a wall 
thickness of 26.5 cm and is designed to meet shielding requirements. The 
inner diameter is constructed with a temperature lag between the two 
casks. Two rows of holes with moderator materials are arranged inside the 
wall of the shielding cask. The lid of the shielding cask is provided 
with trapezoidal threads. The main function of the shielding cask is to 
diminish gamma and neutron dose rates on the cask surface to a tolerable 
value of 0.2 mSv/h (milliSievert). The cask can withstand a load of 300 
bars brought about by isostatic salt rock pressure. The structure of the 
basket of the final storage cask is square-shaped and has plates at each 
corner which act as space dividers. The dividers provide adequate heat 
transfer from the cask center. The primary lid is sealed with two nuts, 
in which a metallic 0-ring seal and an elastomer seal are integrated.
Shielding calculations were performed for a fuel burn up of 55 Gwd/t 
(Gigawatt day). It was determined that it was advantageous to optimize
20
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this cask with regard to its neutron shielding effects. The Pollux cask 
was designed in such a manner that even in the case of unfavorable 
accidents, the neutron multiplication factor kef£ is below 0.95. The heat 
transfer behavior of the cask was determined starting from the maximum 
allowable temperature for creep of the fuel cladding to occur, which was 
approximately 390°C. It was decided that a maximum strain of 1% for fuel 
cladding temperatures of 390°C in 40 years will take place. A damage rate 
of 1% of the fuel rods was assumed for this amount of creep strain.
2.3 Design Comparison
The common features in all the designs mentioned above are the large 
number of fuel assemblies the canisters are supposed to hold, and the 
multiple barriers of the designs. The large number of fuel assemblies 
imposes certain requirements on the design. The requirements imposed are 
the high heat dissipation, shielding high radiation, and the massive loads 
the canister has to support, leading to thick walls to shield the 
radiation and resist large exterior loads. The MPU and the Pollux waste 
packages were designed with respect to thermal and mechanical concepts 
whereas the CDA copper container was designed on the basis of 
thermodynamic concepts. The copper design apparently does not take 
criticality into account whereas the Pollux and MPU designs take 
criticality into account. Thus all the three designs have a few common 
characteristics and some different aspects.
All the three designs have varying lifting techniques and the 
canister materials are completely different in all the three designs. 
Methods of fabrication are also different in all the designs.
Chapter 3
MATERIALS SELECTION and WASTE PACKAGE DESIGN
3.1 Multibarrier Concept
Skaggs et al proposed a multi-barrier robust container design concept in 
1991 (Fig. 3.1). The design consists of an inner and outer shell with a 
filler separating them. The inner shell is a copper-nickel alloy, 
CDA-715. The outer shell is a nickel base chromium alloy, Incoloy 825. 
Concrete or alumina were proposed as filler materials. The filler acts as 
an electrically non-conducting barrier betv,een the inner and outer shells. 
It also raises the pH of the waste package interior, improving the 
resistance to aqueous corrosion. The inner and outer shells would be 
placed on a concrete pedestal. The exterior shell is expected to be 
thermodynamically passive under the dry oxidizing conditions anticipated 
to exist after the waste is emplaced. The copper base alloy interior 
shell is resistant to a wet reducing environment that might exist if 
ground water reached the repository horizon. The chemical composition of 
the two alloys are shown in Table 3.1 (ASM Handbook 1990).
In converting the concepts of Skaggs et al (1991) into a preliminary 
practical design, the multi-barrier container had to satisfy all the 
design criteria such as handling stress, minimum heat buildup and 
corrosion thickness loss. First, the design had to accommodate 3 pwr fuel 
rod assemblies and this involved setting a suitable diameter. The wall 
thickness was initially configured by Skaggs et al (1991) to limit heat 
buildup. To satisfy the stress criteria, i.e withstanding crushing 
stress, wall thicknesses had to be increased. The shell also had to be 
sufficiently thick to withstand corrosion loss.
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Table 3.1 (ASM Handbook 1990)
Nominal Composition of 1-825 and CDA-715
Element Incoloy 825 (%) CDA-715 (%)
Al 0.2
C 0.05
Cr 19.5-23.5
Cu - 70.0
Fe 22.0
Mn 1.0
Mo 2 . 5 - 3 . 5
Ni 38-46 30.0
Si 0.5
Ti 0.6-1.2
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Fig. 3.1 Initial Multi-Barrier Design (Skaggs et al 1991)
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Work on the proposed multi-barrier design was done with a few 
changes. The first change was in the lifting device. The lifting collars 
shown in Fig. 3.1 were replaced by a pintle. The pintle was chosen 
because the collar occupied space around the container and the outer 
Incoloy shell would have to be made larger.
The initial step in designing the multi-barrier design started with 
the pintle design. Ladkany and Kniss (1991) had designed a pintle for the 
Site Characterization Project (SCP) stainless steel thin-wall canister 
using a factor of safety of 3.0 in all their calculations. The pintle was 
designed to lift a payload of 43,500 lb which included the weight of the 
canister (3500 lb) and the weight of the fuel rods (11,000 lb) . The 
pintle is made of the same material as the container it will be lifting. 
The finite element software used for their pintle design was Cosmos/M with 
an IGES (Initial Graphics Exchange Standard) translator. One of their 
final pintle designs is shown in Fig. 3.2. This redesigned pintle was 
adopted for the multi-barrier system.
Work on the waste package design started with the configuration of 
the inner copper shell. Skaggs et al's (1991) initial waste package 
design was configured on the basis of thermal output. The copper shell 
was designed with emphasis on low heat buildup. Copper has a high thermal 
conductivity and the shell required a wall thickness of 0.635 cm to meet 
the low heat buildup criterion. The design included a filler thickness of 
5.0 cm outside the inner shell. The outer Incoloy shell dimensions were 
chosen to accommodate the filler and the inner shell. The initial drawing 
of the multi-barrier design without the concrete pedestal based on the 
thermal output is shown in Fig. 3.3.
The concrete pedestal had to be designed to withstand the combined 
load of the outer shell, the filler and the inner shell along with the 
fuel rod assemblies. It was designed with an outer lip to guide 
positioning of the outer Incoloy shell. The drawing of the concrete 
pedestal with the outer lip is shown in Fig. 3.4. The waste package is 
placed on the concrete pedestal with the copper shell placed directly on
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top of the pedestal. The copper shell will be emplaced for 50 years, 
during which time, if the need arises, the spent fuel will be retrieved. 
If the canister is not retrieved, then the outer Incoloy shell with filler 
material sprayed to its inner sides will be placed over the inner shell on 
the pedestal.
The initial sandwich container on the pedestal is shown in Fig. 3.5. 
Fig. 3.6 shows the minimum container diameter required to carry 3 pwr fuel 
rod assemblies. The initial criterion in setting the external diameter 
was in retaining the external form diameter of 71.0 cm of the SCP 
stainless steel canister. In this initial configuration, the inner 
shell's 59.7 cm diameter shown in Fig. 3.5 is too low when compared to the 
minimum container diameter needed for 3 pwr fuel rods. This meant that 
the diameter of the copper shell had to be increased to accommodate three 
fuel rod assemblies.
The initial design was modified, so that the inner diameter of the 
inner shell increased to 70.0 cm to accommodate 3 pwr fuel rod assemblies. 
The external form factor was still based on the Site Characterization 
Project stainless steel borehole design. The 5.0 cm thickness of the 
filler material was retained. With the change in dimensions of the 
initial sandwich container, the pedestal had to be redesigned. The 
revised drawing of the pedestal is shown in Fig. 3.7. The drawing of the 
modified waste package in the borehole is shown in Fig. 3.8. Fig. 3.8 
shows the inner copper shell having a diameter of 70.0 cm and a height of 
433.5 cm with the thickness of the top and bottom flatheads being 5.08 cm. 
The pintle height is 16.5 cm. The outer Incoloy shell is 10 cm above the 
inner shell and has a wall thickness of 0.635 cm. It has a diameter of 
81.27 cm, which includes the filler material thickness of 5.0 cm. The 
reference pintle design has been used in all the drawings. Autosketch®, 
a CAD package was used to generate all the drawings.
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3.2 Stress Analysis
Now that the inner shell was configured correctly to carry 3 fuel rod 
assemblies, the wall thickness had to be checked to see if it could 
withstand sufficient load in case an accident occurred during handling. 
The canister was designed so that it could resist its own weight in the 
form of a uniformly distributed load and in the form of a concentrated 
load. This can be explained in the following manner. A uniformly 
distributed load situation could arise if an empty canister is lying on 
the ground and a loaded canister is accidently placed on it with its axis 
parallel to the one lying on the ground (Fig. 3.9). The second scenario 
will occur if the loaded canister, instead of being placed with its axis 
parallel, is placed with its axis perpendicular to an empty canister lying 
on the ground. This will result in a load distributed over a smaller area 
(Fig. 3.10). The wall thickness of the inner shell should be sufficient 
to withstand both loading conditions without exceeding the yield stress of 
the material.
The following equations were used to calculate the resulting wall 
thicknesses. For the uniformly distributed load "p" lb/in, the following 
equations apply (Young 1989) :
Max Oj = -0 .1188 P3 p Rin L1/2 f 7/4 (3.1)
(3.2)
Max ai = -1.217 p-1 p i?1/4 L1/2 t'7/4 (3.3)
Deflection = 0.0305 P5 p i?3/4 L3/2 t'9/4 E'1 (3.4)
where P = [12 (1-v2) ] 1̂ B (3.5)
where ox = meridional membrane stress
o2 = circumferential membrane stress
o2! = circumferential bending stress
/3 = shell parameter
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Fig. 3.2 Reference Pintle Design (Ladkany and Kniss 1991)
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Fig. 3.3 Initial Drawing of Multi-Barrier Waste Package
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Fig. 3.4 Initial Pedestal, Front and Top View
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Fig. 3.5 Initial Sandwich Container On Pedestal
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Fig. 3.6 Minimum Container Diameter for 3 PWR Configuration
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Fig. 3.7 Revised Drawing Of Concrete Pedestal
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Fig. 3.8 Revised Drawing of sandwich Container
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Fig. 3.9 Uniformly Distributed Load Condition
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Fig. 3.10 Concentrated Load Condition
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v = Poisson's ratio, value = 0.3 
P = mass of the canister with fuel rods 
R = radius of canister to wall center 
b = contact length 
t = initial wall thickness 
E = modulus of elasticity 
The following equations apply for the concentrated load "P" lb, which is
applied on the center of the canister over a short length "2b"
Max CTa = -0.153 p3 P i?1/4 b'x/2 t-7/4 
Max o2 = -0.13 P P j?3/“ b~3/2 f 5/4
Max oi = -1.56 P’1 P Rx,i b'1/2 C 7/4
Deflection = 0.082 P5 P R2/i L1/2 t'9/i E‘1 
A factor of safety of 3.0 was used in all the calculations. The 
calculations were carried out for CDA-715, 304L SS, 316L SS, 1-825 and 
carbon steel. Three fuel rod assemblies were used in the above 
calculations. The greatest stress that thu material can withstand at 
500°F was the criterion which determined the final wall thickness. This 
stress value was chosen as the criterion because the repository might 
reach maximum temperatures of around 500°F. All the calculations were 
carried out using a 1.0 cm initial wall thickness and a 70 cm initial 
outer diameter. The wall thickness calculations were done using MathCad®. 
With increasing wall thickness, the weight of the canister (including fuel 
rods) subsequently increased, and the calculations were repeated for the 
higher weights and larger thicknesses until a final wall thickness was 
obtained that gave a stress value lower than the material's minimum yield 
stress at 500°F. Table 3.2 shows the yield and tensile strengths (ASM 
Handbook 1990) of the candidate materials used in the calculations.
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Figures 3.15 and 3.16 show the progress of the calculations. About 
eight iterations were required for 1-825 and thirteen iterations for CDA- 
715 to reach a satisfactory solution. Fig. 3.15 compares the 
circumferential membrane stresses for 1-825 and CDA-715. The stresses are 
not very high. Fig. 3.16 compares the circumferential bending stresses 
for 1-825 and CDA-715. The cut-off stress value for 1-825 is 11,028 psi 
and 3,190 psi for CDA-715. Of the three stresses calculated the 
circumferential bending stress was the highest. Minimum wall thicknesses 
were therefore obtained from bending stress. Table 3.3 shows the effect 
of yield strength on wall thickness and container mass. CDA-715 had the 
highest wall thickness of 11.49 cm.
The main problem with the 3 pwr multi-barrier design was the high 
wall thickness of the inner copper shell. Fabricating a CDA-715 container 
with a wall thickness of 11.49 cm will be difficult and expensive because 
of the high heat and energy inputs required in joining the material (see 
Chapter 6) . The outer Incoloy shell thickness was within reasonable 
limits. Therefore a new canister design had to be considered. The
emphasis in the new design was in reducing the wall thickness. The wall
thickness was reduced by decreasing the number of fuel assemblies in the 
canister which reduced both the weight and the diameter.
3.3 Single PWR Lifting Collar Canister
A single pwr fuel assembly enclosed in concrete within a single canister 
was the basis of the new design. The pintle was replaced by a lifting 
collar (Fig. 3.11) with three eye-holes for lifting the canister (Fig.
3.12). The canister is to be placed directly into the borehole, thus 
eliminating the concrete pedestal. This design had a much smaller minimum 
diameter of (2x + 30.26) cm, where "x" is the minimum thickness of
concrete required for shielding. The length of the canister (433.5 cm) 
was kept the same as the multi-barrier design. The one pwr assembly is 
kept in the center of the canister so that thermal and radiation outputs 
are uniformly distributed in all directions.
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Table 3.2
Tensile and Yield Strength (ASM Handbook 1990)
Material Ultimate Tensile Strength Yield Strength % of UYS
(psi) at 77°F (psi) at 500°F
CDA-715 50,000 3, 190 6.4%
304L SS 45,000 9, 546 21.2%
1-825 45,000 11,028 24 . 5%
316L SS 45,000 12,569 27 . 9%
C 1020 32,000 13,400 41.9%
Table 3.3
Effect of Yield Strength on Wall Thickness for 3 PWR Fuel Assembly-
Material Yield Strength Container Mass Wall Thickness
(psi) at 500°F (lb) in (cm)
CDA-715 3,190 27,220 4.53 (11.49)
304L SS 9,546 9,592 1.39 (3.52)
1-825 11,028 9,017 1.24 (3.14)
316L SS 12,569 8,326 1.10 (2.80)
C 1020 13,400 8,096 1.04 (2.64)
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The stress calculations were repeated for both the uniform load and 
point load conditions (Figs. 3.13 and 3.14) . The materials evaluated were 
CDA-715, 304L SS, 316L SS, 1-825 and carbon steel. The calculations were 
carried out assuming that a 5.0 cm filler thickness would be used at the 
edges of the fuel assembly resulting in an inner diameter of 50.0 cm for 
the container.
Equations and methods identical to those used for the 3 pwr canister 
were used for the 1 pwr canister. Minimum wall thicknesses were obtained
from the circumferential bending stress. Fig. 3.17 compares the
circumferential membrane stresses for C1020 and 316L SS. Fig. 3.18 
compares the circumferential bending stresses for C1020 and 316L SS. CDA- 
715 again had the highest wall thickness (Table 3.4). The cut-off stress
value for C1020 is 13,400 psi and 12,569 psi for 316L SS.
This design is more feasible because the waste package weighs less, 
will cost less and fabricating it is simpler. Also, the thermal output of 
this design will be lower than that of the multi-barrier design.
3.4 Corrosion Analysis
The wall thickness of the multi-barrier design after being configured to 
withstand static loads had to be checked to see if it would withstand 
corrosion thickness loss. By extrapolating general corrosion data from 
Beavers and Durr (1991) thickness losses were calculated for CDA-715 and 
1-825. Thickness losses of 5.7 cm for CDA-715 and 0.2 cm for 1-825 were 
obtained for 10,000 years. Details of corrosion rates and modes of 
degradation are given in Chapter 4. The 11.49 cm wall thickness of the 
multi-barrier design for the inner copper shell was sufficient to 
withstand the corrosion loss. However the top and bottom flatheads of the 
container were too thin and had to be redesigned to 5.7 cm thickness. The 
Incoloy outer shell, at 3.14 cm, was safe with respect to corrosion 
penetration. Fig 3.19 shows the complete drawing of the waste package 
with final dimensions. The canister wall thickness was configured to 
satisfy stress criteria and the top and bottom plates were configured to 
meet corrosion thickness loss. Final drawings of the 3 pwr multi-barrier
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Table 3.4
Effect of Yield Strength on Wall Thickness for 1 PWR Fuel Assembly
Material Yield Strength Container Mass Wall Thickness
(psi) at 500°F (lb) in (cm)
CDA-715 
304L SS 
1-825 
316L SS 
C 1020
3, 190 
9, 546 
11,028 
12,569 
13,400
11,860 
4, 797 
4, 505 
4, 160 
4, 045
2.99 (7.6) 
0.98 (2.49)
0.87 (2.21) 
0.77 (1.97) 
0.74 (1.87)
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Fig. 3.11 Lifting Collar
Fig. 3.12 1 PWR Lifting Collar Canister
44
Fig. 3.13 Uniformly Distributed Load Condition
45
Fig. 3.14 Concentrated Load Condition
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Fig. 3.15 Membrane Stress Calculations for 1-825
and CDA-715 for 3 PWR Configuration
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Fig. 3.16 Bending Stress Calculations for 1-825
and CDA-715 for 3 PWR Configuration
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Fig. 3.17 Membrane Stress Calculations for C1020
and 316L SS for 1 PWR Configuration
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Fig. 3.18 Bending Stress Calculations for C102 0
and 316L SS for 1 PWR Configuration
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canister can be seen in Fig. 3.20. The two drawings show the sequence of 
emplacing the canisters in the borehole. The first figure shows the inner 
copper shell placed on the concrete pedestal. The second figure shows the 
Incoloy shell placed on the concrete pedestal.
3.5 Impacts of final Multi-Barrier Dimensions
on Canister Criticality
The final phase in determining if the multi-barrier design was a safe one 
was to carry out initial criticality calculations. If the waste becomes 
critical this means that a nuclear fission reaction is initiated. The 
waste canister may act as a nuclear reaction with fission reactions taking 
place and excess of energy generated. A fuel age of 10 years with a burn- 
up of 33,000 megawatt-days/MTU and an initial enrichment of 3% was 
assumed. It was also assumed that there was a fissure in the canister and 
the empty space was filled with water. It was also assumed that the air 
gap was filled with water and the surrounding rock was water-saturated. 
All the criticality calculations were computed by Paige Zelinski and 
William Culbreth, UNLV Civil Engineering, using the KENO-V code and 
methods similar to those used by Culbreth and Zelinski (1994). The results 
obtained showed that the 3 pwr multi-barrier design had a ke£c of 0.63. ke££ 
should be s0.95, to prevent criticality.
Similar calculations were repeated for a 3 04L SS canister similar in 
dimensions to the SCP design. Similar assumptions were utilized and 
resulted in a ke££ of 0.625. The calculations were repeated with similar 
assumptions except for fresh 3% enriched fuel for the SCP canister and a 
ke££ value of 0.77 was obtained.
For the single pwr canister, 4.5% enriched U02 fresh fuel was used 
to calculate ke££. The criticality calculations were carried out for a 1.0 
cm thick canister wall. The results obtained were a ke££ of 0.412 for a 
condition in which air exists in the void space in the fuel assembly. A 
ke££ of 0.41 was obtained if water existed in the void space in the fuel 
assembly. In all the three designs, the 3 pwr multi-barrier, single pwr
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Fig. 3.19 Final Drawing of Multi-Barrier Waste Package
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Fig. 3.2 0 Sequence of emplacing the canisters in the borehole
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canister and in the SCP design the criticality was well below the 
ke££ s 0.95 criterion.
The current preliminary designs could withstand sufficient load, 
safely undergo corrosion loss and would not go critical for 10,000 years. 
These preliminary designs were within reasonable limits, but in order to 
estimate the likely impact of corrosion on the canister, further analysis 
was done as explained in the next chapter.
Chapter 4
WATER ANALYSIS and CORROSION MODES
4.1 Water Speciation
As previously mentioned in Chapter 1, the proposed tuff repository in the 
Topopah Spring Member will be located 700 to 1400 feet above the static 
water table. This eliminates the development of a hydrostatic head on the 
canister. The reference water used in repository studies was taken from 
Well J-13 (Table 4.1) . The well is located near the repository and is 
thought to be representative of the ground water that might occur in the 
repository. In a hot repository scenario, the waste package surface will 
be exposed to steam and air initially after emplacement. If the canister 
was to be immersed, groundwater properties that affect the corrosion rate 
are 1) concentration of dissolved oxygen (DO), 2) pH, 3) temperature and 
4) dissolved ion concentrations (JM Montgomery 1985) . Under some 
conditions, dissolved minerals may precipitate out of the solution. The 
precipitates may also form scales on the container surface which would 
affect corrosion rates.
The tendency of J-13 water to form deposits was assessed by several 
methods. Langelier Index and Larson's ratio were calculated for several 
reported J-13 compositions to determine if the water was depositing or 
dissolving. MathCAD® was used to calculate the Langelier Index and the 
Larson's ratio. The geochemical speciation program WQ4F (Ball et al 1987) 
was used to carry out the speciation calculations. J-13 well water 
(Harrar et al 1990 as cited by Wilder 1993) was used in all the 
calculations. Chemical speciation calculations were also carried out for 
EJ-13 water (Finn et al 1992).
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Table 4.1
Differing Compositions of J-13 water
Species J-13 J-13 Avg J-13
ppm ppm ppm
(Knauss 1985) (McCright et al 1984) (Harrar et al 1990)
Ca 12.5 14 . 0 13 . 0
Mg 1.9 2 .1 2 . 01
Na 44 . 0 51.0 45. 8
K 5.1 4 . 9 5. 04
h co3 125. 0 120.0 128 . 9
CO o 18 . 7 22.0 18 . 4
F 2.2 2.2 2 .18
Cl 6 . 9 7 . 5 7.14
Si02 58 . 0 61.0 60.1
B - - 0.134
NOj 9.6 5.6 8.78
Li - 0 .05 0. 048
Sr - 0 . 05 -
P04 - 0.12 -
Al - 0 . 03 -
Ba - 0.003 -
Fe - 0 . 04 -
pH 7.6 7 .1 7 .41
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Table 4.1 (continued) 
Differing Compositions of J-13 water
Species Simulated J-13 EJ-13
ppm ppm
(Beavers 1987 ) (Finn et al 1992)
(cited by Beavers and Durr, 1991)
Ca 12 . 0 9.1
Mg 1.7 1.0
Na 46 . 0 50 . 0
K 5.5 -
hc o3 121. 0 135 . 0
SO„ 19.2 17.0
F 1.7 2.4
Cl 6.4 7.2
Si02 64.2 96 .4
B - 0.2
n o3 12.4 7.6
n o2 - 0.5
Li - 0.04
Sr - 0.04
Al - 0.6
C (org) - 5 . 0
C (inorg) - 26.0
pH 7.0 ± 0.2 8 .1
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Varying compositions of J-13 water have been reported by different 
researchers (Table 4.1). The common features are that all the solutions 
have similar concentrations of the species Ca, Mg, Na, K, HC03, S0„, F, Cl, 
Si02. All the solutions are slightly alkaline.
The Langelier Index is defined as "the difference between the actual or 
measured pH of a water and the hypothetical pH the water would have if it 
were in equilibrium with CaC03(sl" (Snoeyink and Jenkins, 1980) . The 
Langelier Index was calculated with the help of the following equations 
(Benefield et al 1982). Eqn. 4.14 was taken from JM Montgomery (1985).
4.1.1 Langelier Index and Larson's Ratio
(4.1)
I = [2.5 X 10'5] ( TDS) (4.2)
[H] IQ-PH (4.3)
pK2 2902■39 T + 0 . 02379 (T) - 6 .498 (4.4)
K2 = 10‘p*2 (4.5)
Y d = 10
- [1. 62 X 10s) t (78 .3) (T) I ■1-s(2) 2 [--(J)- '*■ . - 0.3(D)1 - ID0 5 (4.6)
•̂ q -10.36 (4.7)
pK{ = log[-iy]
4
(4.8)
pKs = 0. 01183t + 8.03 (4.9)
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Ki = (4.10)Yd2
+ 7 . 13211og(D + 0.010365T - 22.801 (4.11)
zr/ K w2 (4.12)
Y n
Alic = ff*  ̂+ 2^- - + H* (4.13)
Ca X AT/ Ca H*
pffs = pKz - pATs + pCa - log (Aik) (4.14)
pHsl = p k( - pKs + pCa - log (Aik) (4.15)
LI = pH - pHs (4 .16)
LI1 = pH - pHsl (4.17)
Ym is the activity coefficient for monovalent ions.
Ym is calculated from the Davies relationship (Eqn. 4.1).
In Eqn. 4.2 "I" is the ionic strength of water. TDS is the measured total
dissolved solids in the water.
[H*] is the molar hydrogen ion concentration and is calculated from 
measured pH using Eqn. 4.3. K2 is the dissociation constant for the 
following reaction: HC0'3 ** H* + CO"3 
pK2 is calculated from Eqn. 4.4.
pK2 is converted to K2 using Eqn. 4.5. yD is the activity coefficient for
divalent ions.
7d is calculated from the Davies relationship (Eqn. 4.6).
K'2 is calculated from Eqn. 4.7. 
pK̂ j is calculated from Eqn. 4.8.
Ka is solubility constant for the following reaction: CaC03 *» Ca*2 + CO"3 
pK3 is calculated from Eqn. 4.9.
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The pKs value is converted to K3 value by using a format similar to 
Eqn. 4.5.
K/s is calculated from Eqn. 4.10. pK;s is calculated in a manner similar 
to pK;2. is dissociation constant for water. H20 ** H* + OH'
pK„ is calculated from Eqn. 4.11. 
pK*, is converted to K* similar to K3.
K/w is calculated from Eqn. 4.12.
Alkalinity can be defined as the capacity of water to neutralize acid 
until a pH of pure C02 in water solution is reached (Benefield et al 1982) . 
Alkalinity is calculated from Eqn. 4.13.
pHs is the calculated pH of a solution in equilibrium with CaC03.
pHs is calculated from Eqn. 4.14.
pHsl is the same value corrected for activity.
pHsl is calculated from Eqn. 4.15.
Langelier Indices (LI and LI3) are calculated from Eqns. 4.16 and 4.17. 
pK2 and pK„ are equilibrium constants for bicarbonate and water. K;s is the 
concentration solubility product constant for CaC03. K,/ is the
concentration acidity constant for dissociation of bicarbonate. K,/ is the 
concentration dissociation constant for water.
Table 4.2 and 4.3 show the calculated Langelier Indices (LI) for 
J-13 water (Knauss 1985 as cited by Beavers and Durr, 1991) and simulated 
J-13 (Beavers 1987 as cited by Beavers and Durr, 1991). Table 4.4 shows 
the LI for average concentration of J-13 by Harrar et al 1990 (cited by 
Wilder 1993) and for EJ-13 (Finn et al 1992). Positive values were 
obtained for the Langelier Indices for J-13 water (Knauss 1985 as cited by 
Beavers and Durr, 1991) and simulated J-13 (Beavers 1987 as cited by 
Beavers and Durr, 1991). The positive values obtained show that 
J-13 water (Knauss 1985 as cited by Beavers and Durr, 1991) and simulated 
J-13 (Beavers 1987 as cited by Beavers and Durr, 1991) may be slightly 
depositing. This indicates that the J-13 (Knauss 1985 as cited by Beavers 
and Durr, 1991) water and simulated J-13 (Beavers 1987 as cited by Beavers 
and Durr, 1991) may form scales on the container surface in the long run
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after a few hundred years of emplacement. LX values calculated for 
average concentration of J-13 (Harrar et al 1990 as cited by Wilder 1993) 
and for EJ-13 (Finn et al 1992) were positive in almost all the cases and 
this indicates a deposting tendency.
Though the Langelier Index (LI) predicts a depositing tendency of J- 
13 water, LI should be used with caution in the practice of corrosion 
control (Pisigan Jr. and Singley 1985) . It is only a thermodynamic 
measure of the depositing or dissolving tendency of a water and is not a 
corrosivity indicator (Pisigan Jr. and Singley 1985). The inconsistency 
in calculated results shown in Table 4.5 warranted a more detailed set of 
equilibrium calculations to be performed.
Larson's ratio is another indicator of the corrosive or depositing 
tendency of a water. Larson's ratio is defined as the ratio of chloride 
ion content to bicarbonate ions when expressed as milli equivalents per 
liter. It may also defined as the ratio of chloride and sulphate ions 
together to the bicarbonate ions. Table 4.4 shows the calculated Larson's 
ratio. Larson's ratio is always greater than one. Very low positive 
values indicate low corrosivity of the water. Positive values were 
obtained for the Larson's ratio for all the types of water evaluated (J- 
13, simulated J-13, Avg conc. of J-13 and EJ-13). The value obtained for 
Larson's ratio also indicates that the water may be slightly depositing.
4.1.2 Speciation Calculations
The input parameters in the WQ4F (Ball et al 1987) speciation program are 
temperature, pH, Eh, dissolved organic carbon and dissolved oxygen. The 
program then inputs the units used for the speciation calculations. The 
concentrations of the analytes are then entered. After all the required 
variables are recorded the program calculates the output. Table 4 .6 shows 
the input values of the J-13 analytes as reported by Harrar et al 1990 
(cited by Wilder 1993) in molality. The results of speciation 
calculations for the major analytes at 15°C are also shown in Table 4.6. 
Molality is defined as the moles of solute per mass of solvent in 
kilograms (Snoeyink and Jenkins, 1980). Very little complexation of the
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major ions is expected to occur. Table_ 4.7 shows the speciation 
calculations for J-13 water at 95°C. On observing Table 4.7, it can be 
seen that there is a little more complexation than was predicted at 15°C.
Table 4.8 shows the calculated outputs in molality at 15°c and 95°c 
for the different complexes which may form in the solution. Calcium, 
magnesium and sodium ions formed some sulphate and bicarbonate complexes. 
Bicarbonate ion was the dominant form of dissolved carbonate. 
Undissociated silicic and boric acids were the predominant forms for 
silicate and borate.
The Saturation Index (SI) is a ratio which gives a comparison 
between the status of a mineral dissolution-precipitation reaction at a 
particular point in time or space and the thermodynamic equilibrium 
condition (Freeze and cherry 1979). If SI is > 1, precipitation is 
thermodynamically favored. If SI is < 1, then dissolution is favored. If 
SI = 1 the mineral is in equilibrium with the surrounding water.
Table 4.9 shows the saturation indices (SI) for the minerals that may 
precipitate out of J-13 water at 15° and 95°C. It shows that most ofthe 
minerals precipitating at 15°C were silica complexes. Most of the 
minerals which had a precipitating tendency at 15 °C displayed negative 
Si's at 95°C. The reverse was displayed by the minerals which showed a 
negative SI at 15°C. The minerals that precipitated at 95°C were calcium 
and magnesium complexes.
some of the predicted precipitating minerals correspond to minerals 
present in the Tuff repository. According to McCright et al (1984) 
crystallization may transform the glassy material present in the tuff 
repository to feldspar plus quartz or cristobalite. Zeolitization 
produces hydrous silicates when the glassy material reacts with 
groundwater. From the program output it was seen that quartz and 
cristobalite have positive saturation indices and may precipitate. 
Results in Table 4.9 showing increased solubility of silica at 95°C and
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Table 4.2
Inputs (Langelier Index calculated using Eqn.4.14)
Temp PK2 pKs
15 10.431 8 .207
25 10.331 8 .326
90 10.133 9.095
Calculated Alkalinities
pH Temperature °C
15 25 90
6 . 8 0.116 0.086 0.013
7.0 0.073 0.054 0.008
7.2 0 . 046 0.034 0.005
7.6 0.018 0.014 0.002
Calculated Langelier Index (J-13 pH 7.6 and Simulated J-13 pH 7+0.2)
(cited by Beavers and Durr 1991)
pH Temperature °C
15 25 90
6.8 0 .134 0.224 0.372
7.0 0.134 0.224 0.372
7.2 0.135 0.225 0.372
7.6 0.136 0.226 0.370
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Table 4.3
Inputs (Langelier Index calculated using Eqn.4.15)
Temp ft pK'e
15 10.196 7.879
25 10.204 8 .014
90 10.244 8.863
Calculated Alkalinities
pH Temperature °C
15 25 90
6.8 0.116 0.086 0.013
7 . 0 0 . 073 0.054 0.008
7.2 0 . 046 0.034 0.005
7.6 0.018 0.014 0.002
Calculated Langelier Index (J-13 pH 7.6 and Simulated J-13 pH 7+0.2)
(cited by Beavers and Durr 1991)
pH Temperature °C
15 25 90
6.8 0.041 0.039 0.029
7.0 0 . 042 0.039 0.029
7.2 0 . 042 0.04 0.029
7.6 0.043 0.041 0.027
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Table 4.4 
Calculated Langelier Index
15
Temperature °C 
25 95
Avg J-13 LI 0.136 0.226 0 . 358
LIi 0 . 042 0 . 04 0 . 028
EJ-13 LI 0.151 
LIX 0.05
0.241
0.047
0.336
-0.00043
65
Table 4.5 
Calculated Larson's Ratio
Solution Cl S04 HCO3 Larson's Ratio
J-13 water (Knauss 1985 as cited by Beavers and Durr, 199:
ppm 6 . 9 18 . 7 125
milliequivalents 
per liter
0.195 0.389 2.049
CI/HCO3 - - 0.095
(ci+so4) /h c o 3 - - 0.285
Simulated J-13 water (Beavers 1987 as cited by Beavers and Durr, 199:
ppm 6.4 19.2 121
milliequivalents 
per liter
0 .181 0.4 1.983
CI/HCO3 - - 0.091
(ci+so4) /h c o 3 - - 0.293
J-13 water (Harrar et al 1990 as cited by Wilder 1993)
ppm 13 . 0 18 .4 128.9
milliequivalents 
per liter
0 .367 0.383 2.112
CI/HCO3 - - 0.174
(C1+S04) /HCO3 - - 0.355
EJ-13 water (Finn et al 1992)
ppm 7.2 17 . 0 135
milliequivalents 
per liter
0.203 0.354 2.212
CI/HCO3 - - 0.092
(Cl+S04) /HCO3 - - 0.252
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increased tendency for precipitation at X5°C match predictions of silica 
precipitation after cooling cited by McCright et al 1984 (Chapter 1; p. 5) . 
Table 4.10 is similar to Table 4.6 and shows the input and output of EJ-13 
water at 15°C. Table 4.11 shows the input and output of EJ-13 water at 
95°C. It can be seen that the ions exhibited more complexation at 95°C 
than at 15°C. Table 4.12 shows the distribution of ions in solution at 
15°C and 95°C. Calcium, magnesium and sodium form sulfate, carbonate and 
bicarbonate complexes. Table 4.13 shows the saturation indices of the 
complexes that may precipitate out of the solution. There is a greater 
degree of complexation in EJ-13 water than in J-13. A larger number of 
solids show positive Si's in EJ-13 than in J-13 water. Similar behavior 
exhibited in Table 4.9 was observed in Table 4.13.
4.2 Corrosion Modes
Corrosion is the degradation of metal due to chemical combination with the 
environment. When the multi-barrier waste package is emplaced in the 
repository it will undergo corrosion. The modes of corrosion failure and 
corrosion rates depend on the environment of the repository. The 
container may fail by uniform oxidation and corrosion, localized corrosion 
(LC) and by stress corrosion cracking (SCC). Localized corrosion is 
pitting and crevice corrosion. A small pit or crevice is the region of 
corrosion initiation and propagation. SCC is cracking of the metal due to 
the simultaneous presence of tensile stress and a corrosive environment 
(Fontana and Greene, 1967) . Stresses may be induced in the form of 
residual stresses, that may occur in the metal when it is formed or 
welded.
The surface temperature of the containers will be above 95°C 
following emplacement. The environment surrounding the canisters will be 
mainly air and water vapor. Vapor-phase corrosion is a possible 
degradation mode during the early life of the canister. Aqueous-phase 
corrosion may occur after a few hundred years after the surface 
temperature of the container is below the boiling point of water, and if 
water enters through the rock and is able to penetrate the bore-hole liner
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Table 4.6
Calculated Speciation of J-13 Analytes at 15°C
Species Input Avg J-13 at 15°C Avg J-13 at 15°C % Total
Anal ppm Molal (Input) Molal (Output)
Ca 13 . 0 3.24 X 10-4 3 .12 X 10'4 96 .1%
Mg 2.0 8 . 27 X 10'5 7 . 94 X 10'5 96.0%
Na 45 . 8 1. 99 X 10‘3 1.99 X 10‘3 99 . 8%
K 5.0 1.29 X 10‘4 1.29 X 10'4 99.9%
HC03 128 . 9 2 .11 X 10'3 2.10 X 10'3 99.2%
S04 18.4 1.92 X 10'4 1.82 X lO’4 95 .1%
F 2.2 1.15 X 10'4 1.14 X 10'4 99.5%
Cl 7.1 2 . 02 X 10-4 2 . 02 X 10'4 100 .0%
Si02 60.1 1.02 X 10'3 0.00 0 .0%
B 0.134 1.24 X 10'5 0.00 0 . 0%
no3 8 . 8 1.42 X 10‘4 1.42 X lO'4 100.0%
Li 0.048 6.92 X 10'6 6 . 92 X 10'6 99 . 9%
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Table 4.7
Calculated Speciation of J-13 Analytes at 95°C
Species Input Avg J-13 at 95°C Avg J-13 at 95°C %Total
Anal ppm Molal (Input) Molal (Output)
Ca 13 . 0 3 ,.24 X 10'4 2 . 95 X 10-4 90 ,.8%
Mg 2 . 0 8 .27 X 10‘5 7. 53 X 10-5 91,. 0%
Na 45 ,. 8 1 ,. 99 X 10'3 1 ,. 99 X 10'3 99 ,. 7%
K 5,. 0 1 ,.29 X 10'4 1 ,.29 X 10"4 99,. 8%
HC03 128 .9 2.. 11 X 10'3 2 ,.02 X lO-3 95 ,. 5%
S04 18 . 4 1 . 92 X 10'4 1 ,. 78 X 10"4 92 . 7%
F 2 . 2 1 . 15 X 10-4 1 ,.12 X 10-4 97,.6%
Cl 7.. 1 2 ., 02 X 10'4 2 . 02 X icr4 100 . 0%
Si02 60 ,. 1 1 . 02 X 10-3 0 ,. 00 0 . 0%
B 0 . 134 1 .,24 X 10'5 0 ., 00 0 . 0%
N03 8 . 8 1 .,42 X 10-4 1 . 42 X 10'4 100 . 0%
Li 0 . 048 6 ., 92 X 10'6 6 . 92 X H O 99.. 9%
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and reach the container surface. In the absence of deposition, uniform 
oxidation will take place only for the outer shell (1-825). The copper 
shell will not undergo uniform oxidation or corrosion because it is not 
exposed to the environment. If the outer Incoloy shell is breached and 
even the filler material is penetrated, then the copper inner shell may 
undergo corrosion.
Uniform corrosion is the uniform dissolution of the metal over its 
entire surface. The electrochemical reaction proceeds at a uniform rate 
over the exposed surface. Farmer and McCright (1989) cite Mattsson 
(1980) , according to whom three types of pitting are associated with 
copper alloys. Type 1 pitting occurs on annealed or half-hard tubes in 
cold tap water. Type 2 occurs on hard-drawn tubes in hot tap water which 
has a pH < 7.4 and a low [HC03] : [SOJ ratio. Type 3 occurs on hard as 
well as annealed tubes which have a high pH with low salt concentration. 
Type 1 pitting is not relevant because the repository temperatures are 
going to be high. Type 2 pitting may not occur because even though the pH 
is 7.41, since the [HC03] : [S04] ratio is > 1. Type 3 pitting may not occur 
because the temperature in the repository is high.
4.2.1 Effect of Oxygen on Corrosion Rate
Oxygen accepts electrons at the cathode and the following reaction takes 
place.
4e' + 02 + 4H* = 2H20 
This cathodic half-reaction is transport limited at most levels of 
dissolved oxygen (DO). On increasing the level of DO in the solution the 
rate at which oxygen is transported to the corroding metal surface 
increases. Corrosion rates for most metals increase with increasing DO 
levels. The dissolved oxygen of J-13 water is 5.7 ppm (Beavers and Durr, 
1991) . At a pH of 4 or more, the cathodic reaction is the reduction of 
oxygen to water (Montgomery 1985). The rate of any corrosion reaction 
will increase with increasing temperature.
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4.2.2 Effect of Chloride on Corrosion Rate
On observing the composition of J-13 water it can be seen that the 
concentrations of aggressive ion, the chloride ion, are fairly low. 
Passive film breakdown is an unlikely occurrence unless the concentration 
of chloride ions increases. Chloride ions have a tendency to decrease the
possibility of passive film formation. Chloride ions tend to increase the
anodic current density of the active-passive metal. High current 
densities are required to form films on active-passive films. Therefore 
film formation on active-passive metals in the presence of chloride ions 
is difficult.
When a solution is devoid of chloride ions the following reactions take 
place (Cohen 1979 as cited by Montgomery 1985).
Fe + H20 = Fe(H20)ads 
Fe (HjO) adE = Fe(0H-)ad3 + H*
Fe(OH-)ads = Fe (OH) ads + e'
Fe(OH)ada = Fe (OH) * + e' (rate determining step)
Fe (OH) * + H* = Fe2" + H20 
Lorenz (1965) as cited by Montgomery (1985) suggested the following 
mechanism by which a halide (X) ion such as a chloride ion may alter the 
above reaction and introduce a new rate-determining step.
Fe + H20 = Fe (H20) ads
Fe (HjO) ads + X- = (FeX-)ads + H20
(FeX")ada + OH" = FeOH*X‘ + 2e' (rate determining step)
Fe (OH) - + H- = Fe2* + H20 
The last step in both reaction mechanisms is strongly pH dependent. The 
velocity of the rate-determining step in the Lorenz mechanism is dependent 
on the chloride concentration. Increasing chloride levels may result in 
increasing corrosion rates.
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Table 4.8
Effects of Temperature on J-13 Speciation Calculations
Species J-13 at 15°C Mole J-13 at 95°C Mole
Molal (Output) percent Molal (Output) percent
Ca'2 3.12 x 10'4 96 .1% 2.95 x 10'4 90 .8%
CaOIT1 7.05 x 10‘10 0 . 0% 1.01 x 10'7 0 . 0%
CaS04 ag 6.4G x 10‘s 2 . 0% 9.55 x 10'6 2 . 9%
CaHSO/ 1 1.27 x 10‘12 0.0% 1.22 x 10'11 0 . 0%
CaHC03'3 5.39 x 10'6 1.7% 9.54 x 10'6 2 . 9%
CaC03 aq 6.55 x 10‘7 0 .2% 9.86 x 10‘6 3.0%
CaF'1 1.94 x 10'7 0 .1% 7.29 x 10'7 0 .2%
Mg'2 7.94 x 10‘5 96 . 0% 7.53 x 10‘5 91. 0%
MgOH'1 1.09 x 10‘9 0 . 0% 2.57 x 10'7 0 .3%
MgS04 ag 1.45 x 10'6 1.7% 2.09 x 10'6 2 . 5%
MgHCOj1 1.43 x 10'6 1. 7% 2.64 x 10‘6 3.2%
MgC03 aq 9.60 x 10‘8 0 .1% 5.47 x 10'7 0 . 7%
MgF'1 3.56 x 10’7 0.4% 1.88 x 10‘6 2.3%
Na'1 1. 99 x 10'3 99.8% 1.99 x 10'3 99 . 7%
NaS04_1 1.33 x 10'6 0 .1% 1.90 x 10‘6 0 .1%
NaHC03 aq 2.07 x 10'6 0 .1% 1.95 x 10'6 0 .1%
NaC03_1 4.13 x 10'8 0 . 0% 2.23 x 10'6 0 . 1%
NaF aq 2.34 x 10'8 0 .0% 2.25 x 10'8 0 .0%
K'1 1.29 x 10‘4 99.9% 1.29 x 10'4 99.8%
kso4_1 1.07 x 10'7 0 .1% 3.23 x 10‘7 0 .3%
H'1 4.12 x 10'8 4.16 x 10'8
OH’1 1.24 x 10‘7 1.25 x 10'5
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Table 4.8 (continued)
Effects of Temperature on J-13 Speciation Calculations
Species J-13 at 15°C Mole J-13 at 95°C Mole
Molal (Output) percent Molal (Output) percent
n o 2.42 x 10'6 0 .10% 4.62 x 10'5 0 .21%
HCO3'1 2.10 x 10'3 90.79% 2.02 x 10'3 90.36%
H2C03 aq 2.01 x 10'4 8.69% 1.84 x 10'4 8.23%
SO/ 2 1.82 x 10"1 95 .1% 1.78 X 10'4 92 . 7%
HSCY1 4.35 x lO'10 0 . 0% 4.58 X 10'9 0 .0%
F'1 1.14 x 10‘4 99.5% 1.12 X lO-4 97.6%
HF aq 5.02 x 10'9 0 .0% 1.81 x 10‘a 0 .0%
hf2_1 2.05 x 10'12 0 .0% 1.10 X 10'11 0 .0%
h2f2 1.02 x 10'16 0 . 0% 9.61 x 10'17 0 .0%
Cl’1 2.02 x 10'4 100.0% 2.02 x 10‘4 100.0%
Si02 tot 0 . 0% 0 .0%
H4Si04 aq 1.02 x 10'3 99.8% 9.82 x 10‘4 96.6%
HjSiO/ 1 1.92 x 10'6 0 .2% 3.42 X 10'5 3.4%
H2Si04'2 3.48 x 10'11 0 .0% 3 .88 X 10'7 0 . 0%
SiF/ 2 1.79 x 10‘2G 0 .0% 3 .17 x 10'29 0 .0%
B tot 0.0% 0 . 0%
H3BO3 aq 1.22 x 10'5 98 . 7% 1.20 X 10'5 97 . 0%
H2B03_1 1.58 x 10'7 1.3% 3 .70 x 10'7 3.0%
BF (OH) 3-1 5.00 x lO'10 0.0% 9.73 X lO'10 0 . 0%
bf2(oh)2-1 2.29 x 10'13 0 . 0% 6.32 X 10'13 0 . 0%
BFjOH'1 1.28 x lO'10 0 . 0% 1.61 X 10'18 0 .0%
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Table 4.8 (continued)
Effects of Temperature on J-13 Speciation Calculations
Species J-13 at 15°C 
Molal (Output)
Mole
percent
J-13 at 95°C 
Molal (Output)
Mole
percent
BF/ 1 2.23 x 10'23 0.0% 3.97 x 10‘23 0 .0%
NCV1 1.42 x 10"1 100.0% 1.42 x 10‘4 100.0%
Li*1 6.92 x 10'6 99.9% 6.92 x 10'6 99 . 9%
LiSO,'1 4.29 x 10‘9 0.1% 4.01 x 10‘9 0 .1%
Table 4.9
Calculated Positive Saturation Indices for J-13 Water
Mineral Chemical Name SI 15°C SI 95
Quartz Si02 1.17 0.13
Cristobalite Si02 0. 73 -0 .19
Chalcedony Si02 0.65 -0.13
Si02 (a,L) 0.14 -0.61
Calcite CaC03 -0 . 91 0 . 08
Talc Mg3Si4O10(OH)2 -2 . 71 4 . 75
Sepiolite (c) Mg3Si4031- 5H20 -3 . 80 0.50
Tremolite Ca2Mg5Si8022 (OH) 2 -7. 58 5.15
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Table 4.10
Calculated Speciation of EJ-13 Analytes at 15°c
Species Input EJ-13 at 15°C EJ-13 at 15°C %Total
Anal ppm Molal (Input) Molal (Output)
Ca 9.1 2.27 X 10-4 2.17 X 10-4 95.3%
Mg 1.0 4.12 X 10-5 3.93 X 10-5 95.5%
Na 50.0 2.18 X 10-3 2.17 X 10-3 99.8%
HC03 135.0 2.21 X 10-3 2.15 X 10-3 97.1%
so4 17.0 1.77 X 10-4 1.71 X 10-4 96.4%
F 2.4 1.26 X 10-4 1.26 X 10-4 99.7%
Cl 7.2 2.03 X 10-4 2.03 X 10-4 100.0%
S1O2 96.4 1.61 X 10-3 0.00 0.0%
B 0.2 1.85 X 10-5 0.00 0.0%
n o 2 0.5 1.09 X 10-5 1.09 X 10-5 100.0%
N03 7.6 1.23 X 10-4 1.23 X 10-4 100.0%
Al 0.6 2.22 X 10-5 9.60 X 10-14 0.0%
Li 0.04 5.77 X 10-6 5.76 X 10-6 99.9%
Sr 0.04 4.57 X 10-7 4.47 X 10"7 97.9%
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Table 4.11
Calculated Speciation of EJ-13 Analytes at 95°C
Species Input EJ-13 at 95°C EJ-13 at 95°C %Total
Anal ppm Molal (Input) Molal (Output)
Ca 9 .1 2 .27 X 10-“ 1.88 X 10-4 82 . 8%
Mg 1.0 4 .12 X 10'5 3.63 X 10'5 88.2%
Na 50 . 0 2 .18 X 10'3 2 .16 X 10'3 99.3%
HC03 135 . 0 2 .21 X 10'3 1.75 X 10'3 78 . 9%
S04 17.0 1.77 X 10-4 1.68 X lO'4 95 . 0%
F 2.4 1.26 X 10-4 1.25 X lO'4 98 . 7%
Cl 7.2 2 . 03 X 10-4 2 . 03 X lO'4 100.0%
Si02 45.0 1.61 X 10'3 0. 00 0 .0%
B 0.2 1.85 X 10‘5 0.00 0.0%
no2 0 . 5 1. 09 X 10‘5 1. 09 X lO'5 100.0%
N03 7.6 1.23 X 10'4 1.23 X lO'4 100.0%
Al 0.6 2.22 X 10'5 1.14 X 10-2° 0 . 0%
Li 0.04 5.77 X 10'6 5.76 X 10'6 99. 9%
Sr 0.04 4 . 57 X 10'7 3 . 57 X 10'7 78.2%
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Table 4.12
Effects of Temperature on EJ-13 Speciation Calculations
Species EJ-13 at 15°C Mole EJ-13 at 95°C Mole
Molal (Output) percent Molal (Output) percent
Ca,! 2.17 x 10'4 95.3% 1.88 x 10‘4 82 . 8%
CaOH*1 2.41 x 10'9 0 .0% 3.19 x 10‘7 0 .1%
CaS04 aq 4.26 x 10'6 1.9% 5.88 x 10's 2 .6%
CaHSO,"1 1.71 x 10'13 0 . 0% 1.52 x 10‘12 0 . 0%
CaHCOj'1 3.87 x 10'6 1.7% 5.32 x 10'6 2 .3%
CaC03 aq 2.31 x 10‘6 1 .0% 2.70 x 10"s 11. 9%
CaF*1 1.50 x 10'7 0 .1% 5.22 x 10‘7 0 .2%
Mg*2 3 . 93 x 10'5 95.5% 3.63 x 10'5 8 .2%
MgOH*1 2.67 x 10'9 0 .0% 6.12 x 10'7 1.5%
MgSO„ aq 6 . 79 x 10'7 1.7% 9.71 x 10'7 2.4%
MgHCOj*1 7.33 x 10'7 1 .8% 1.11 x 10'5 2 . 7%
MgC03 aq 2.41 x 10'7 0 .6% 1.13 x 10'6 2.7%
MgF*1 1.96 x 10'7 0.5% 1.02 x 10‘6 2.5%
Na*1 2.17 x 10° 99.8% 2 .16 x 10’3 99 .3%
NaS04_1 1.37 x 10'6 0 .1% 1.97 x 10'6 0 .1%
NaHC03 aq 2.32 x 10'6 0 .1% 1.84 x 10‘6 0 .1%
NaCCY1 2.27 x lO'7 0 .0% 1.03 x 10'5 0.5%
NaF aq 2.83 x 10‘8 0 .0% 2 . 73 x 10‘8 0 .0%
K*1 0.00 0.00
KS04_1 0.00 0.00
H*1
OH'1
8.41 x lO'9
6.05 x 10'7
8 .48 x 10'9 
6.11 x 10'5
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Table 4.12 (continued)
Effects of Temperature on EJ-13 Speciation Calculations
Species EJ-13 at 15°C Mole EJ-13 at 95°C Mole
Molal (Output) percent Molal (Output) percent
CO,'2 1.21 x 10'5 0.55% 1.95 x 10'5 1. 05%
HCO3'1 2 .15 x 10'3 97.11% 1.75 x 10'3 94 . 66%
H2C03 aq 4.21 x 10'5 1.9% 3.26 x lO'5 1. 76%
so4'2 1.71 x 10'4 96 .4% 1.68 x 10'4 95 . 0%
HSO,'1 8 . 35 x 10'11 0 .0% 8.91 x 10'1° 0.0%
F'1 1.26 x 10'4 99.7% 1.25 x 10'4 98 . 7%
HF aq 1.13 x 10'9 0 .0% 4.13 x 10'9 0 . 0%
HFj'1 5.09 x 10'13 0 .0% 2 . 78 x 10'12 0 .0%
H2F2 aq 5 . 19 x 10'18 0 .0% 4.99 x 10'18 0 . 0%
Cl'1 2 .03 x 10'4 100.0% 2.03 x 10'4 100.0%
Si02 tot 0 . 0% 0 . 0%
H4Si04 aq 1.59 x 10'3 99.1% 1.36 x 10'3 84 . 8%
HjSiO,"1 1.47 x 10'5 0.9% 2.31 x 10'4 14 .4%
H2Si04"2 1.30 x 10'9 0 .0% 1.28 x 10'5 0 . 8%
SiF6'2 8.79 x 10'29 0 .0% 1.46 x 10'31 0 . 0%
B tot 0 . 0% 0 . 0%
H3BO3 aq 1.74 x 10'5 94.1% 1.61 x 10'5 86 . 9%
H2B03_1 1.10 x 10'G 5.9% 2.42 x 10'6 13 .1%
BF (OH) 3'1 7.84 x lO'10 0 .0% 1.45 x 10'9 0 .0%
BF2 (OH) 2"1 8.11 x 10'14 0 .0% 2.14 x 10'13 0 .0%
BF30H'1 1.02 x 10'19 0 .0% 1.24 x 10'19 0 . 0%
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Table 4.12 (continued)
Effects of Temperature on EJ-13 Speciation Calculations
Species EJ-13 at 15 °C Mole EJ-13 at 95°C Mole
Molal (Output) percent Molal (Output) percent
BF4-1 4.02 x 10'25 0 .0% 6.97 x 10‘2S 0 .0%
N02'1 1.09 x 10’5 100.0% 1. 09 x 10‘5 100.0%
NCV1 1.23 x 10'4 100.0% 1.23 x 10'4 100.0%
Al*3 9.60 x 10‘14 0 . 0% 1.14 x 10'2° 0.0%
AlOH*2 4 . 53 x lO'11 0 . 0% 4.67 x 10'16 0.0%
Al (OH) 2*1 7.39 x 1O"0 0.3% 8.07 x 10‘15 0 . 0%
Al(OH)3 1 . 10 x 10’5 49.5% 1.19 x 10'12 0 . 0%
Al(OH)4 *1 1.12 x 10‘5 50 .2% 2.22 x 10'5 100.0%
A1F*2 8 . 56 x 10'11 0 . 0% 9.45 x 10‘18 0.0%
AlFj*1 1.44 x 10'9 0 .0% 2 . 98 x 10'13 0.0%
A1F3 aq 8.29 x 10’9 0 .0% 2.18 X 10'15 0.0%
aif4-2 6.07 x lO'10 0 .0% 6.12 x 10‘17 0 . 0%
aiso4+1 7.26 x 10'1S 0 . 0% 1.70 x 10'21 0.0%
AL (S04) 2_1 7.42 x 10’17 0 .0% 2.13 x 10’23 0.0%
A1HS04*2 1.60 x 10‘23 0 .0% 1. 90 x 10‘29 0 . 0%
Li*1 5.76 x 10‘6 99.9% 5.76 x 10'6 99. 9%
LiS04_1 3.37 x 10'9 0 .1% 3 .19 x 10'9 0.1%
Sr*2 4.47 x 10'7 97.9% 3.57 x 10'7 78.2%
SrOH*1 1.31 x 10‘12 0 .0% 1.57 x lO'10 0.0%
SrHCOj*1 8.21 x 10‘9 1 .8% 7.92 x 10’8 17.3%
SrC03 1.59 x 10‘9 0.3% 2.01 x 10'8 4.4%
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Table 4.13
Calculated Positive Saturation Indices for EJ-13 Water
Mineral Chemical Name SI 15 °C SI 95°C
Leonhardite (Ca, Na) 2Al2Si04012- 4H20 22.21 5.19
Pyrophyllite Al2Si4O10 (OH) 2 10. 96 11.28
Beidellite (Na, Ca) 0 2A12 (S i, Al) 4O10 (OH) 2 • nH20 8 . 04 -1.48
MontmorilCa (Na, Ca) 0.33 (Al, Mg) 2Si4O10 (OH) 2- nH20 7.81 -1.38
Laumontite CaAl2Si4012- 4H20 7 . 05 0 . 76
Kaolinite Al2Si205 (OH)4 6.42 -1.23
Diaspore A10- OH 3 .52 0 . 01
Albite NaAlSi3Oe 2 .60 -1.58
Wairkite Ca(Al2Si4)Ol2- 2H20 2.45 -1.61
Prehnite Ca2Al2Si3O10 (OH) 2 2.27 0 .79
Halloysite Al2Si205 (0H)4 2 .21 -4.70
Allophane (F) Al2Si05- nH20 2.10 -3 .85
Tremolite Ca2Mg5Si8022 (OH) 2 1.82 14 . 00
Boehmite AlO- OH 1.73 -1.20
Gibbsite (c) Al (OH) 3 1.70 -1.52
Al4(OH)10SO4 1.40 -26.50
Quartz Si02 1.37 0.27
Talc Mg3Si4O10 (OH) 2 1.30 8 .52
Allophane (a) Al2SiOs- nH20 1.11 -4.85
Cristobalite Si02 0 . 93 -0 . 05
Chalcedony Si02 0 .84 0 . 01
Anorthite CaAl2Si2Oa 0.69 -0 . 85
Si02 (a,L) 0.33 -0.47
Si02 (a, M) 0 . 01 -0.70
Chlorite 14A (Mg, Al, Fe,Li,Mn,Ni)4.6 (Si, Al,B, Fe)„O10 (0H,0) a -0.10 10.48
Calcite CaC02 -0.36 0.51
Aragonite CaCOj -0.51 0.41
Sepiolite (c) Mg3Si4011- 5H20 -1.06 3 .06
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Table 4.13 (continued)
Calculated Positive Saturation Indices for EJ-13 Water
SI 95°C 
0 . 08 
7.64 
3 . 07
Mineral Chemical Name SI 15°C
Dolomite CaMg(C03)2 -1.53
Chlorite 7A (Mg, Al, Fe, Li, Mn, Ni) 4_6 (Si, Al, B, Fe) 4O10 (OH, O) 8 -3.56
Chrysotile Mg,Si,Os (OH) . -4.10
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4.2.3 Thermodynamic Considerations
The Eh of J-13 water (Harrar et al cited by Wilder 1993) was calculated 
with the help of the following equation.
Eh = 1.23 - (-°-:°57 )log(-----  )4 Po2 x 10 ‘‘pH
The value was 0.79 V (James 1994 personal communication) for a pH of 7.41. 
The Pourbaix diagrams for iron, nickel and chromium are shown in Figs. 
4.1, 4.2 and 4.3. On observation it can be seen that for a pH of 7.41 and 
a corresponding Eh of 0.79 V, iron is in the passive region. This 
potential-pH diagram is for the iron-water system at 25°c considering as 
solid substances only Fe, Fe(OH)2 and Fe(OH)3. Passivation results in the 
formation of films of Fe(OH)2 and Fe(OH)3. The potential-pH diagram for 
nickel shows that for a pH of 7.41 and an Eh of 0.79 V, nickel lies in the 
corrosion region. The potential-pH diagram for chromium for the above 
mentioned Eh and pH value lies in the corrosion range. The potential-pH 
diagram for chromium is in the presence of chlorides.
4.2.4 Scale Formation
Natural scales are formed by metal corrosion products. According to 
Montgomery (1985) ferric hydroxide, ferrous hydroxide and ferrous 
carbonate are formed from corroding iron. The iron hydroxide scales are 
porous whereas ferrous carbonate scales are much denser and more 
protective. These scales protect the metals from further corrosion by 
inhibiting transport of deleterious species and dissolved oxygen to the 
surface.
Montgomery (1985) says that in the case of copper, tenorite (CuO) is 
a thermodynamically stable scale formed by copper in high-pH water. The 
solubility of tenorite scale increases with decreasing pH. High 
alkalinity neutral waters favor the formation of the basic copper 
carbonate malachite [Cu(C03) • Cu(OH)2 ] over the formation of tenorite. 
Malachite forms as a metastable species and transforms to more stable 
tenorite. Speciation calculations were carried out for J-13 water data
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for 1983-84 (Harrar et al cited by Wilder 1993) with copper concentrations 
of 0.006, 0.06 and 0.6 in mg/1. It was found that with increasing
concentrations of copper the calculations showed that malachite and 
tenorite had a tendency to precipitate. Malachite and tenorite had 
positive saturation indices for a copper concentration of 0 .6 .
Differential aeration corrosion may take place if the level of 
oxygen varies along the length of the canister due to scale formation. 
The portion of the canister in the area of lowest oxygen concentration is 
anodic to the areas with higher oxygen concentration.
4.2.5 Concrete Corrosion
Cement in cement mortar lining of steel and cast iron water pipe will 
undergo deterioration when exposed to aggressive waters (Montgomery 1985). 
There are two mechanisms by which this takes place. In the first 
mechanism the dissolution of free lime and other compounds takes place in 
low-pH, low-alkalinity waters. In the second mechanism, chemical attack 
by aggressive ions such as sulfate and chloride takes place. The 
aggressiveness of a water toward dissolution of cement is related to the 
value of Langelier's Index. If the LI of a water is positive, free lime 
in cement can be converted to calcium carbonate without weakening the 
concrete. If the LI is negative, loss of calcium can occur leading to a 
weakening of the material. Since the LI of J-13 water is slightly 
positive, it can be inferred that the concrete filler surrounding the 
inner shell may not be corroded.
4.3 Impacts on Canister Design
4.3.1 Corrosion Rates
The thickness loss for 304L SS, 1-825 and CDA-715 over a period of 10,000 
years is shown in Table 4.14. Corrosion rates for 304L SS and CDA-715 
were taken from Beavers and Thompson (1990), and for 1-825 were taken from 
Beavers and Durr (1991) and were converted to thickness loss. The wall 
thicknesses in the final canister designs were configured so that they 
were the greater of either the minimum required by static loading or the
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minimum calculated from uniform corrosion rate.
4.3.2 Thermodynamic Considerations in Canister Design
Because Incoloy 825 is an nickel-chromium alloy and the potential-pH 
diagrams for both the systems are in the corrosion area, it was necessary 
to develop other methods of protecting the waste package. Iron is in the 
passive region and passive film formation may take place. If the chloride 
concentration increases the film may break and accelerated corrosion may 
occur. Cathodic protection was chosen by Skaggs et al (1991) as the 
optimum solution in order to decrease the corrosion of the waste package.
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Material
304L SS
1-825
CDA-715
Table 4.14 
Thickness Loss for different Materials 
for Uniform Corrosion
Corrosion rate Thickness loss
lim/yr cm
for 10,000 years
0.5
0.23
5.66
0.5
0.2
5.7
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Fig 4.1 Potential-pH diagram for iron-H20 system at 25°C
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Fig 4.2 Potential-pH diagram for nickel at 25°C
88
-2 0 2 4 6 8 10 12 14 16
E(v)
0.8 0.8
orrosion
passivation
-0.4-0.4
- 0. - 0.8
- 1.2- 1.2
- 1.6 - 1.6immunity
Fig 4.3 Potential-pH diagram for chromium at 25°C
Chapter 5
CATHODIC PROTECTION
5.1 Introduction
The degradation of a metal because of chemical combination with the 
environment is known as corrosion. Most metals occur in nature in the 
chemically combined state and energy must be supplied to extract them from 
their ores. The combined state is energetically preferable for most 
metals.
Corrosion is also defined as the passage of a metal into the 
chemically combined state (Ashworth and Booker, 1986). Oxidation 
reactions at cathodic sites result in release of electrons and consumption 
of the metal. Reduction reactions at anodic sites involve the consumption 
of electrons and also of a solution species. At equilibrium, the rate of 
oxidation is equal to the rate of reduction, and the rate of production of 
electrons is equal to the rate of their consumption.
The corrosion rate can be decreased by interfering with either of 
the electrochemical processes that combine to form it. If the rate of 
oxidation of the metal can be reduced, then the corrosion rate will 
decrease.
5.1.1 Corrosion Control Alternatives
One method of controlling corrosion is by the use of a coating. When a 
coating is applied to a structure it acts as a barrier between the 
structure and the environment. The coating has to be first penetrated and 
after that the structure is exposed. One option for controlling corrosion 
is to make allowances for reduction in thickness during service life in 
the design of pipes, tanks and other structures. Another option is to
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avoid mechanical stresses and stress concentrations in components exposed 
to corrosive medium.
Another method of reducing corrosion is by coupling the metal of 
interest with another metal which undergoes oxidation and protects the 
former. This is the principle underlying cathodic protection. The metal 
or structure to be protected undergoes the cathodic reaction and is 
protected.
5.1.2 Mechanism of Cathodic Protection
The structure to be protected should be higher up in the galvanic series 
than the sacrificial anode. The sacrificial anode must have a high 
negative potential when compared to the structure to be protected. This 
is the thermodynamic basis for cathodic protection.
According to Ashworth and Booker (1986) if the sacrificial electrode 
is a base metal, then the following anodic reaction will take place
M -» M2+ + ze'
and the electrode will be steadily consumed. If the electrode is a noble 
metal or electrochemically inert, but electrically conducting material, 
oxidation of the environment will occur in preference. In water the 
following reaction will occur
2H20 -* 02 + 4H* + 46- 
In brine, this reaction will take place
2C1" -» Cl2 + 26-
In both the cases normal consumption of the electrode will not take place.
5.2 Application of Cathodic Protection
There are two methods of applying cathodic protection to underground 
metallic structures:
1. Galvanic or sacrificial anodes
2. Impressed current or rectifier-ground beds.
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5.2.1 Galvanic Anodes
This system is applicable and effective where current requirements are 
low, where structures to be protected are usually very well coated, where 
localized protection is required, and where soils have relatively low 
resistivities (Corrosion Control Course, 1969) . The use of sacrificial 
anodes does not depend on the creation of a driven electrochemical cell. 
A galvanic cell is formed between the structure to be protected and the 
sacrificial anode, and electrons pass from the anode to the structure 
(Fig. 5.1) .
5.2.2 Impressed Current Technique
Underground metallic structures are protected by the application of 
impressed currents from an external source. For systems remote from 
utility power, the external source of power can be provided by a gas 
driven generator unit, a thermoelectric generator, a photo voltaic array, 
or a wind driven generator (Corrosion Control Course, 1969).
5.2.3 Emf Series
Table 5.1 (Fontana and Greene, 1967) lists the half-cell potentials for 
some electrochemical reactions. These potentials refer to electrodes in 
which all reactants are at unit activity and at 25°C. Cell potentials for 
various electrochemical reactions can be calculated from this table. All 
of the metals below hydrogen will dissolve in acid with the evolution of 
hydrogen and are called "active" metals. The metals above hydrogen react 
only in strong oxidizing acids and are called "noble" (inert) metals. The 
lower the metal is in the series, the greater is its corrosion tendency. 
Each metal is anodic with respect to every other metal above it in the 
series. Magnesium, when connected to steel across an electrolyte, behaves 
as an anode and protects the steel and the following reactions take place.
Mg -» Mg2* + 2e'
Fe2* + 2e' -» Fe
These reactions are thermodynamically possible at unit activity because 
magnesium has a negative potential (-2.36) and when connected to steel
92
which has a higher potential (-0.44) will cathodically protect it.
5.2.4 Galvanic Series
In real world applications, galvanic couples usually include one or two 
metallic alloys instead of pure metals. Hence, the galvanic series (Table 
5.2) give a more accurate prediction of galvanic relationships than the 
standard half-cell potentials. The galvanic potentials in Table 5.2 are 
for seawater. The list of materials has been taken from Fontana and 
Greene (1967) . The galvanic potentials have been taken from the ASM 
Handbook (1987).
Passivity influences galvanic corrosion behavior. When a metal is 
in a passive state, the rate of corrosion is very low. Stainless steels 
commonly undergo passivation. A thin oxide layer forms on the metal and 
protects it. The metal will undergo rapid corrosion once this film is 
broken. A more noble position is held by the stainless steels in the 
passive state as compared with the lower position of these materials in 
the active condition. Inconel, a stainless nickel exhibits the same 
behavior (Fontana and Greene, 1967). The alloys grouped in brackets on 
the left side of Table 5.2 exhibit similar galvanic potentials. The 
bracket indicates that in most practical conditions the chances of
galvanic corrosion occurring are small if metals within the bracket are
coupled or are in contact with each other. This is due to the fact that 
these materials are close together in the galvanic series and the
generated potential difference is not very high.
5.3 Cathodic Protection Parameters
5.3.1 Electrical Resistivity
This is one of the most important parameters in cathodic protection. The 
corrosiveness of a soil depends on the resistivity. Morgan (1987) defines 
resistivity as the resistance measured between the opposite faces of a 
specific cube of the material. The units are based on the ohm per cm cube 
and the ohm per ft cube. This property of the electrolyte is intrinsic, 
it depends entirely upon the substance and material properties and
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temperature and potential (Morgan 1987) . The resistivity of J-13 well 
water (Harrar et al cited by Wilder 1993) was found to be 2000 ohm-cm.
5.4 Sacrificial Anodes
Steel is one of the most widely used construction metals. The three most 
common metals used to provide adequate cathodic protection for steel are 
magnesium, aluminum and zinc.
5.4.1 Magnesium
Pure magnesium must have a driving potential of 0.85 V (Morgan 1987) to 
protect steel. Driving voltage is the voltage of the anode when 
delivering current and relative to a reference electrode (copper sulfate). 
The driving voltage must be more negative than -0.85 V (or -0.95 V under 
anaerobic conditions) and must be able to overcome the ohmic resistances 
of the cathode and anode. Magnesium's properties are summarized in Table
5.3 (Morgan 1987) . It is a metal with a low atomic weight, giving it a 
high capacity in amp-hours per pound. Ampere hours per pound is the 
theoretical current output of the sacrificial anode for every pound of 
material consumed. Actual consumption is the weight of the sacrificial 
anode consumed in a year after installation. The metal is usually 
consumed uniformly and so the anode shape degenerates to a sphere.
The working potential of the anode is considerably reduced in 
solutions containing large amounts of phosphate, carbonate or hydroxyl 
ions or solutions devoid of chloride or sulfate ions (Morgan 1987). Two 
types of anode alloys have been developed (Table 5.4) . One type is a high 
purity anode for use in soils especially in high resistivity soils. The 
other type is the low purity anode for use in sea water. According to 
Morgan (1987) the anodes operate well in soils containing sulfate ions. 
In dry soils and those devoid of sulfates and chlorides, the anode tends 
to polarize, and, as these soils have a high resistivity, anode efficiency 
is reduced because low current density is achieved. The metal has a high 
volume consumption because of its low density.
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Table 5.1 (Fontana and Greene, 1967) 
Half-Cell Potentials of Some Metals 
At Unit Activity and 25°C
Au = Au*3 + 3e +1.498
02 + 4H* + 4e = 2H20 +1.229
Pt = Pt*2 + 2e +1.2
Pd = Pd‘* + 2e +0.987
Ag = Ag* + e +0.799
2Hg = Hg2** + 2e +0.778
Fe*3 + e = Fe*2 +0.771
02 + 2H20 + 4e = 4 OH +0.401
Cu = Cu’2 + 2e +0.337
Sn*4 + 2e = Sn*2 + 0.15
2H* + 2e = H2 +0.000
Pb = Pb*2 + 2e -0.126
Sn = Sn*2 + 2e -0.136
Ni = Ni*2 + 2e -0.250
Co = Co*2 + 2e -0.277
Cd = Cd*2 + 2e -0.403
Fe = Fe*2 + 2e -0.440
Cr = Cr*3 + 3e -0.744
Zn = Zn*2 + 2e -0.763
Al = Al*3 + 3e -1.662
Mg = Mg*2 + 2e -2.363
Na = Na* + e -2.714
K = K* + e -2.925
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Table 5.2
Galvanic Potentials of Some Commercial Metals and Alloys 
Fontana and Greene (1967) ASM Handbook (1987)
Material Galvanic Potential (V) 
in Seawater 
referenced to calomel electrode
Platinum
Gold
Graphite
Titanium
Silver
Chlorimet 3 (62 Ni, 18 Cr, 18 Mo)
Hastelloy C (62 Ni, 17 Cr, 15 Mo)
18-8 Mo stainless steel (passive)
18-8 stainless steel (passive)
Chromium stainless steel 11-3 0% Cr (passive) 
Inconel (passive) (80 Ni, 13 Cr, 7 Fe)
Nickel (passive)
Silver solder 
Monel (70 Ni, 30 Cu)
Cupronickels (60-90 Cu, 40-10 Ni)
Bronzes (Cu-Sn)
Copper
Brasses (Cu-Zn)
Chlorimet 2 (66 Ni, 32 Mo, 1 Fe)
Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn) 
Inconel active 
Nickel (active)
Tin
Lead
0.17 to 0.24
0.19 to 0.3 
■0.05 to 0.05 
-0.15 to 0.1
■0.1 to 0 
■0.1 to -0.03
-0.25 to -0.15
-0.37 to -0.3
-0.33 to -0.3
■0.25 to -0.18
Table 5.2 (continued)
Galvanic Potentials of Some Commercial Metals and Alloys 
Fontana and Greene (1967) ASM Handbook (1987)
Material Galvanic Potential (V)
in Seawater 
referenced to calomel electrode
Lead-tin solders
18-8 Mo stainless steel (active) -0.47 to -0.36
18-8 stainless steel (active) -0.57 to -0.47
Ni-Resist (high Ni cast iron)
Chromium stainless steel, 13% Cr (active)
Cast iron -0.7 to -0.6
Steel or iron -0.62 to -0.55
2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn) -1.0 to -0.76
Cadmium -0.75 to -0.7
Commercially pure aluminum (1100)
Zinc -1.14 to -0.98
Magnesium and magnesium alloys -1.64 to -1.6
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5.4.2 Zinc
According to Morgan (1987) zinc should give a potential of -1.10 V 
referenced to a copper sulfate electrode to cathodically protect steel. 
This gives zinc a driving potential of 0.25 V to protect steel. Some of 
the properties of zinc are listed in Table 5.3 (Morgan 1987). The 
corrosion of zinc is by a divalent reaction at nearly 100% efficiency. 
Zinc can be used as an anode material with a low driving voltage. The 
material is dense, has a low volume consumption, and efficiency remains 
high at all practical current densities. The low driving voltage 
available limits the use of the metal to low resistivity soils, except for 
very well coated structures.
5.4.2.1 Potential Reversal of Zinc Anodes
The zinc-iron potential is sensitive to temperature and water composition. 
Inversion of the driving potential relative to steel has been found to 
occur above 70°C in hot water (Haney 1982). Bicarbonates, nitrates and 
carbonates tended to reduce the potential of the anode. Calcium and 
silicates help to keep zinc anodic to steel. Table 5.5 shows the 
different promoters and inhibitors of potential reversal for zinc-steel 
couple in various dilute aqueous solutions. To remain anodic to steel, 
the zinc potential must remain more anodic than 0.7 volt. If the zinc 
potential becomes less anodic than 0.6 volt, simultaneous exposure of zinc 
and steel will occur resulting in accelerated corrosion of the latter.
According to Hoxeng and Prutton (1949) an explanation for the effect 
of temperature on the potential of zinc can be given. Electrolyte 
composition should be taken into consideration while considering the 
effect of temperature on potential reversal. Cathodic zinc potentials 
result when nitrate is added in the temperature range of 30° to 70°C. 
Bicarbonate cathodically depolarizes zinc in the temperature range of 50° 
to 60°C. Bicarbonate is an effective depolarizer at elevated temperatures 
because the stability of percarbonic acid decreases with temperature. 
Increasing the temperature increases the probability of reversal in waters 
where the reversal is because of the bicarbonate ion.
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Table 5.3 (Morgan 1987)
Cathodic Protection data on Sacrificial Anode Materials
Material Potential 
w.r.t. CuSo4 
(V)
Density
(g/cm3)
Driving Potential 
to protect Steel 
(V)
Aluminum -1.3 2.7 0.6 - 0.8
Magnesium -1.7 1. 74 0 . 85
Zinc -1.15 7.1 0.25
Table 5.3 (continued) (ASM Handbook 1987)
Cathodic Protection data on Sacrificial Anode Materials
Material Theoretical Actual Actual Actual
Ampere hours Consumption Ampere hours Consumption
per lb lb/amp-year per lb ft3/amp-year
Aluminum 13 50
Magnesium 1000 
Zinc 372
20.8 - 7.4 421.2 - 1183.78 0.123 - 0.044
17.5 500.57 0.161
23.7 369.62 0.053
Table 5.4 (Morgan 1987)
Composition of Low Purity and High Purity Magnesium Anode
100
Material High Purity Low Purity
for soils for sea water
(per cent) (per cent)
Copper 0.02 max 0.03 max
Iron 0.003 max 0.003 max
Nickel 0.002 max
Manganese 0.15 min 0.10 min
Silicon 0.10 max
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Hoxeng and Prutton (1949) explained the cathodic potentials and the 
increase in corrosion due to increase in cathodic depolarization 
accompanying bicarbonate concentration as follows. Cathodic
depolarization involves the discharge of electrons through the reduction 
of hydrogen ion, dissolved oxygen or some other oxidizing agent. Hydrogen 
peroxide is formed during the aqueous corrosion of several metals 
including zinc. The bicarbonate ion combines with hydrogen peroxide to 
form unstable percarbonic acid which is an oxidizing agent. Percarbonic 
acid is a more effective cathodic depolarizer than oxygen and hydrogen 
peroxide in the presence of bicarbonate.
The effect of nitrate additions is found to be the opposite to the 
effects of chloride and sulfate additions. Nitrate additions even in 
small amounts promoted reversals in zinc-steel couples (Hoxeng and 
Prutton, 1949). The nitrate ion acts as an oxidizing agent and allows 
easy discharge of electrons at cathodic surfaces. This cathodic 
depolarization will shift the zinc potentials in the cathodic direction.
The presence of sulfate and/or chloride decreases the reversal 
tendencies of zinc-steel couple at S0°C (Hoxeng and Prutton, 1949) . This 
is explained on the basis of chloride and sulfate ion penetration of 
metallic oxide films. This causes an increased number of anodic sites on 
a corroding metallic surface. This would tend to increase the anodic 
areas on a zinc electrode and to depolarize the anodic reaction. 
Increased anodic area and increased anodic depolarization results in more 
anodic zinc potentials. Chloride ions penetrate films more readily than 
sulfate ions and zinc chloride is more soluble than zinc sulfate. The 
corrosion product in sulfate solutions is more adherent and less 
gelatinous than in chloride solutions. This is because sulfate ions 
possess more flocculating power for zinc hydroxide than do chloride ions. 
The resulting corrosion product film is more resistant to oxygen diffusion 
in the presence of sulfate than in the presence of chloride. More 
cathodic polarization would be expected in the presence of sulfate which 
is evidenced by more anodic potentials.
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Table 5.5
Parameters Promoting and Inhibiting Potential Reversal of Zinc
Parameters Haney 1982 J-13 (Harrar et al 1990)
(ppm) (ppm)
Promoters
HC03 150-600 128.9
N03 36-73 8.78
CaC03 2 0 0.0
Inhibitors
S04
Cl
36-693 18 .4 
7 .14
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Silicates occur naturally in many waters. They are often added to 
decrease the corrosivity of water. According to Hoxeng (1950) film 
formation on the local zinc cathode areas which results in cathodic 
polarization is one of the plausible explanations for this behaviour. It 
can also be explained on the basis of increased anodic area. The effect 
of calcium additions was to give slightly more anodic zinc potentials. 
The addition of even small amounts of calcium had the effect of causing 
more anodic zinc potentials.
Comparing Haney's results to the composition of J-13 in Table 5.5 it 
can be seen that the chances of potential reversal occurring in J-13 well 
water are remote because concentrations of HC03, N03 and CaC03 are below 
experimental values shown by Haney to be the threshold values for 
initiating potential reversal. Another factor affects the potential 
reversal and that is temperature. The temperature in the repository may 
reach high values, above 70°C and potential reversal may occur. Thus even 
though the J-13 well water composition is unlikely to cause potential 
reversal, high initial solution temperatures could cause reversal with a 
zinc anode.
5.4.3 Aluminum
Aluminum's position in the electrochemical series suggests a driving 
potential to steel intermediate between values for magnesium and zinc. 
Structural aluminum displays galvanic or emf potentials (99.5% pure) in 
the range -0.6 V to -0.8 V and varies with the environment (Morgan 1987) . 
The electrochemical and mechanical properties of aluminum are given in 
Table 5.3 (Morgan 1987). According to Morgan (1987) aluminum-zinc-mercury 
and aluminum-zinc-indium, two ternary alloys, displayed high capacities at 
potentials above the zinc potentials. A second group of alloys used 
indium as the principal alloying element with high purity aluminum and 
some zinc. The capacity of the anodes was high and they gave around 90% 
efficiency. They gave higher driving voltage than the aluminum-zinc- 
mercury anodes, 0.3 V to protect steel. These anodes can operate in 
saline mud with greater efficiency than the aluminum-zinc-mercury alloys.
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These alloys should not be used in anaerobic conditions because zinc along 
with the corrosion products can act as a bactericide.
Morgan (1987) suggests the following fabrication methods. 
Continuous casting is one of the manufacturing processes to produce few 
aluminum anodes. This manufacturing method results in an anode free of 
voids and cracks. According to Morgan (1987) casting problems restrict 
the anode shape to a rectangular form, about 8 ft in length and 12 in x 10 
in. This results in the current density off the anode surface being about 
half the mean at the center points of the major faces and twice the mean 
at the ends. This results in decrease in the average efficiency and 
reduction in the useful life of the anode.
5.4.4 Anode Design
5.4.4.1 Shapes and Sizes
Sacrificial anodes are designed in multiples or fractions of the weight of 
the metal consumed in 1 ampere year (Morgan 1987). They are designed on 
the basis of the current output they are supposed to deliver for a 
particular time period. Zinc anodes are made in a series of multiples of 
30 lb and magnesium in multiples of either 17 lbs or 22 lb (Morgan 1987). 
Both these anode metals can be cast easily. According to Morgan (1987) 
anodes are produced by a D section ingot from an open top mold and the 
anodes are as long as they are wide. For high resistivity soils, long 
thin rods are used. For sea water and low resistivity environments the 
anodes are short and thin or tend to be spherical. Hemispherical anodes 
are popular for long life marine applications.
5.4.4.2 Manufacturing
Long thin zinc anodes are obtained through a continuous casting technique. 
Similar magnesium anodes are made by extruding the metal as a rectangular 
or circular rod over a galvanized or aluminized steel core. The insert 
gives the ribbon strength and maintains continuity after the metal has 
been consumed.
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5.4.4.3 Inserts
According to Morgan (1987) the inserts are made of steel and are 
galvanized or aluminized to give a better bond to the anode metal. This 
bond is usually not strong enough and several designs have been developed 
that involve making indentations in a strip or tube or the use of spiral 
or parallel wires or strips. The insert is subjected to the contracting 
stress of the metal when the anode is cooling down and hence must be 
robust.
5.5 Designing a Cathodic Protection System
for a Spent Fuel Canister
A sacrificial anode cathodic protection system is to be designed to 
protect a nuclear waste package which will be vertically emplaced in a 
repository at Yucca Mountain, 100 miles northwest of Las Vegas, Nevada in 
the Nevada Test Site for 10,000 years. The normal life of a cathodic 
protection system is 40 years when protecting bridges. Designing a 
cathodic protection system for the waste package will show whether it is 
feasible to protect structures for such a long period of time without 
replacement of the anodes. The high thermal output of the waste package 
and the expected high temperatures (250-300°C) will make anode replacement 
impossible.
The first step in designing the cathodic protection system was to 
select the method of applying cathodic protection. The galvanic anode 
system was chosen because it is difficult to guarantee sufficient 
longevity of an impressed current system. The other reason being that 
impressed current systems will be unlikely to withstand sustained 
temperatures of 250°C expected in a hot repository scenario.
The next step was to find the current required to protect the waste 
package. A current requirement of 0.0003 mA/ftJ (Hack 1988) is needed to 
protect very well coated steel in soil or water. This current requirement 
data is for coated carbon steel. This data has been used to estimate the 
sacrificial anode weight for the multi-barrier canister design and the
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single pwr canister. With the help of specific consumption data, the 
weight of the anode required to protect the package for 10,000 years was 
calculated for several electrode materials. The structure (waste package) 
to be cathodically protected was assumed to be made of steel and is well 
coated. Coating deterioration was not assumed. The following formula was 
used (ASM Handbook 1987) :
W - CR * L x ATC 
E x U
where W = weight of anode (lb)
CR = consumption rate (lb/A.yr)
L = life (yrs)
ATC = average total current (amps)
E = efficiency factor 
U = utilization factor 
A factor of safety of 3.0 was used in the calculations. The anode weights 
calculated for the single pwr lifting collar design and for the multi­
barrier design for aluminum, magnesium and zinc anodes are shown in Table 
5.6.
With the environment in mind, the preferred choice of a suitable 
anode material is magnesium. According to Hack (1988) magnesium can be 
used in both high and low resistivity soils. Aluminum anodes are used in 
seawater but do not operate efficiently in soils. Zinc anodes are mostly 
used in low resistivity soils and marine environments. Also, zinc anodes 
might exhibit potential reversal above 70°C depending on solution 
composition.
The proposed shaped of the magnesium anode will be in the form of a 
threaded pintle (Fig. 5.2) for the multi-barrier design. The pintle will 
be screwed to the top of the waste canister. A screwed pintle (cathodic 
insert) was designed so that there is good electrical contact between the 
anode and the canister which is to be protected. The threads are to be 
made by rolling and the shank and top of the pintle will be forged. The 
volume of the metal required for the sacrificial anode was calculated from
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the mass and density of magnesium. A factor of safety of three was used 
in the calculations. The threaded pintle was dimensioned from the 
calculated volume. Fig. 5.3 shows the threaded pintle and the top region 
of the canister. The hidden lines depict the threads.
A round plate (Fig. 5.4) was designed as the sacrificial anode for 
the lifting collar design. The volume was calculated in the same manner 
as in the threaded pintle design. The plate was dimensioned from the 
required electrode volume. The plate will be dropped into the lifting 
collar. Casting techniques may be used to manufacture the plate.
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Table 5.6 
Input Data
Canister Type Surface Area Total Current
ft2 mA
1 PWR 81.34 0 . 024
3 PWR 308.18 0 . 092
Results
Canister Anode
Material
Efficiency
%
Consumption 
Rate (lb/A.yr)
Weight Needed 
lb
1 PWR Aluminum 90 20 .8 19.58
Magnesium 60 17 .5 24 . 71
Zinc 90 23 .59 22 .20
3 PWR Aluminum 90 20.8 75 . 04
Magnesium 60 17 .5 94 . 71
Zinc 90 23 .59 85 .10
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Fig. 5.3 Sacrificial Anode for Multi-Barrier Design
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Fig. 5.4 Sacrificial Anode for Lifting Collar Design
Chapter 6
FABRICATION
Fabrication of the containers is an important step in completing the 
design cycle. In this chapter the various fabrication techniques will be 
examined. Fabrication of the multi-barrier design and single pwr lifting 
collar design will be surveyed. Fabrication methods to produce a 316L SS 
single pwr lifting collar canister will be discussed. The following 
fabrication techniques may be applied to manufacture the containers. 
Centrifugal casting, deep drawing or extrusion may be employed to form the 
body. Welding to seal the canister may be done either by friction or 
electron beam welding.
6.1 Review of Shell Fabrication Techniques
6.1.1 Centrifugal Casting
It is a casting technique which uses centrifugal forces to cast a product. 
True centrifugal casting process, which has a mold that rotates about its 
horizontal axis, may be used to make the container. The centrifugal 
forces caused by rotation distribute the molten metal into mold cavities.
In centrifugal casting the mold is rotated as the metal solidifies 
(Fig. 6.1) . The metal is held against the wall of the mold by centrifugal 
forces. A mold is not required to form a cavity on the inside. According 
to Amstead et al (1987) the inside diameter will be a true cylinder which 
requires minimum machining. Amstead et al (1987) also states that the 
metal will slide, slip or rain if the centrifugal force is too low. 
Horizontal castings are spun so that a force of 65 x (force of gravity) 
will be developed.
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Fig. 6.1 Centrifugal Casting
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The cast cylinders can be expanded by high internal pressure and 
subsequently and subsequently annealed for "wrought structure" and better 
properties.
The spinning speed for horizontal-axis molds can be found from the 
following equation (Amstead et al 198 7):
where D = inside diameter of mold, ft
To centrifugally cast a 3 pwr multi-barrier canister with a diameter of 
2.87 ft the spinning speed turns out to be 1264 rpm and for a single pwr 
canister of diameter of 1.67 ft, the spinning speed is 1657 rpm.
Amstead et al (1987) and Kalpakjian (1991) both mention that high 
surface detail can be obtained by this process. Kalpakjian (1991) states 
that impurities collecting on the inner surface of the casting can be 
machined away.
According to Kalpakjian (1991) deep drawing is carried out when a flat- 
sheet metal blank is allowed to draw into a die and the thickness is 
unchanged. This is done by a punch that presses the blank into the die 
cavity (Fig. 6.2). A circular blank of diameter D0 and thickness tD is 
positioned over a die. The die has a corner radius of Rd. The blank is 
held in position with a blankholder or hold-down ring. The die and punch 
must have well-rounded edges or the blank might be sheared. A punch of 
diameter Dp and a corner radius Rp pushes the blank into the die cavity and 
forms a cup as it moves downward. The thickness of the sheet is reduced 
if the die cavity is greater than the clearance between the punch and the 
die. This is known as ironing. The maximum diameter of the circle that 
can be drawn is known as the limiting drawing ratio (LDR) (Schey 1987).
N = (Number of g's) x 7 0'J* — (6 .1 )
6.1.2 Deep Drawing
o(max) (6.2)
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According to Schey (1987) the die and punch should have well-rounded edges 
or the blank might be sheared. The draw force surpasses the draw force 
that the cup wall can support when the LDR is reached. The canister is 
too deep to draw and would require atleast three draws followed by 
annealing. Deep drawing includes the shell body and the bottom plate. 
The top plate will be welded to the top of the shell body. The drawing 
force may be obtained from the following formula (Schey 1987).
Pd = nDphiTS) (^2 - 0.7) (6l3)
The defects when a metal is deep drawn are residual stresses and wrinkling 
(Kalpakjian (1991)). Residual stresses are present in the sheet metal 
because of nonuniform deformation of the metal during drawing (Kalpakjian 
(1991) ) . Deep drawing may induce compressive stresses in the metal and 
this may lead to wrinkling.
6.1.3 Rolling
The shell body can also be rolled from a plate of the required thickness 
and welded longitudinally. The shell body with the top and bottom plate 
welded is then annealed.
6.2 Review of Welding Techniques
The following welding procedures are recommended to weld the top and 
bottom plates to the canister shell. The pintle may also be welded to the 
top shell by any one of the following techniques. They are friction 
welding and electron beam welding (EBW).
6.2.1 Friction Welding
In friction welding external energy is not required to perform the welding 
operation. The heat required for welding is produced by friction at the 
junction of the two components being joined (Fig. 6.4). According to 
Kalpakjian (1991) one of the components is stationary and the other is 
positioned in a chuck or collet and rotated at a high constant speed. The 
two pieces being joined are brought into contact under an axial force.
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When adequate contact has been established the rotating piece is brought 
to a quick stop. This is done so that the weld is not ruined by shearing 
and meantime the axial force is increased (Fig. 6.4c). At the junction 
the pressure and the resulting friction generate ample heat for melting 
and fusion to take place. The weld zone is restricted to a small region. 
Oxides and contaminants at the junction are detached by the radial
movement of the hot metal at the interface.
6.2.2 Metal Inert Gas Welding
According to Kalpakjian (1991) the weld area is protected by an external 
source of inert gas, such as argon, helium, carbon dioxide. The
consumable bare wire is fed automatically through a nozzle into the weld 
arc. Deoxidizers are present in the electrode metal to prevent oxidation 
of the molten weld puddle. This method is fast, easy and the welds are of 
a high quality.
6.3 Fabrication and Closure of the Waste Package
In the case of the multi-barrier design, it was mentioned earlier in
Chapter 3 that fabrication of the inner copper shell, having a thickness 
of 11.49 cm is difficult. The inner shell can be fabricated without any 
difficulty. However welding the top and bottom flatheads to the shell 
will be complicated because of the high thickness involved. The other 
problems are the high heat generation and the high cost in welding the 
plates to the shell body.
For the single pwr canister, the canister shell body may be 
centrifugally cast, deep drawn or extruded. The top and bottom flatheads 
may be made by forging and casting. The bottom plate may be joined to the 
shell body by friction welding or electron beam welding. The lifting 
collar may also be joined to the upper part of the shell body similarly. 
External energy is not required in friction welding. The weld has a small 
heat affected zone in both welding methods. The weld is confined to a 
small area.
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Fig. 6.3 Friction Welding
Peters et al suggested similar fabrication methods (see Chapter 2) 
and joining techniques to construct the copper multi-barrier design. In 
the case of the Pollux design (see Chapter 2) a different fabrication 
method is suggested.
Chapter 7
CONCLUSIONS and RECOMMENDATIONS
7.1 Conclusions
In the multi-barrier design the stress analysis shows that the copper 
based alloy CDA-715 requires the highest wall thickness at 11.49 cm. The 
general corrosion rate for CDA-715 was also the highest than all the other 
materials. Larson's and Langelier Indices for J-13 water (Knauss 1985 ) 
and simulated J-13 (Beavers 1987 cited by Beavers and Durr, 1991) were 
slightly positive and this indicated a depositing tendency. However since 
Larson's and Langelier Indices for J-13 water (Harrar et al 1990 cited by 
Wilder 1993) and EJ-13 water (Finn et al 1992) are not completely reliable 
indicators of depositing tendency, equilibrium speciation calculations 
were carried out which verified the depositing tendency of J-13. Cathodic 
protection using assumed current density of 0.0003 mA/ft2 for a coated 
steel design in the case of the 3 pwr design gave anode sizes of 85, 95 
and 75 lbs for zinc, magnesium and aluminum materials. In the single pwr 
canister, anode sizes of 22, 25 and 19.6 lbs were obtained for zinc,
magnesium and aluminum materials. Concepts advanced by Pourbaix (1974) 
were employed in selecting canister materials.
7.2 Discussion
A different copper base alloy should be evaluated to serve the purpose of 
an inner container for the multi-barrier design. Fabricating the inner 
copper shell (CDA-715) will be difficult with a wall thickness of 11.49 
cm. As an example, the CDA design by Peters et al (1992) has a 5.08 cm 
outer copper shell and an 2.54 cm inner aluminum-bronze or steel liner. 
The environment in the repository may be slightly oxic and may favor
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vapor-phase corrosion initially after emplacement. After a few hundred 
years pitting and crevice corrosion may occur when the repository has 
cooled down. Scale formation over long-term may limit transportation of 
corrosion products thereby limiting corrosion rate. Alternatively partial 
scale formation on the canister could lead to differential oxygen cells 
that could accelerate corrosion. A cathodic protection system was 
designed to protect the 3 pwr multi-barrier canister and the 1 pwr 
canister. This design would reduce corrosion. Magnesium was selected as 
a suitable anode material. J-13 water (Harrar et al 1990 as cited by 
Wilder 1993) speciation calculations show that precipitation of minerals 
such as quartz and cristobalite is likely and this is true of the 
environment around the proposed repository based on reports (Cortest 
Columbus Technologies (Beavers and Durr 1991) and McCright et al (1984)) 
of minerals that are present at the NTS.
7.3 Recommendations
1. Conduct corrosion experiments on the multi-barrier design materials.
2. Conduct experiments to obtain cathodic protection data for stainless 
steels, copper alloys and Incoloy 825, under conditions expected to occur 
in the repository.
3. Conduct detailed stress and thermal analyses of the proposed multi­
barrier designs.
4. Evaluate material handling and transportation of the waste package.
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